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ABSTRACT

Studies on self-consumption in residential use are constantly evolving, and society claims new solutions
in response to changes to new paradigms. This paper aims to optimise the sizing of a self-consumption
installation for collective self-consumption in a residential building under the Spanish regulatory frame-
work. The study considers the current price volatility in the retail electricity Spanish market and focuses
on the techno-economic analysis of self-consumption in a building consisting of 12 dwellings using pho-
tovoltaic energy and the possible support of a storage system. The three aspects analysed are the sizing of
the self-consumption facility, the use of smart appliances to shift their consumption to more cost-
effective times and the sharing of the renewable energy generated by the facility among the consumers
participating in the collective self-consumption. This study employs two models, an average-day model
and a whole-year model. The techno-economic analysis yields that between the two self-consumption
modalities for residential consumption, the modality with surplus simplified compensation is more prof-
itable than the one without surpluses. Finally, the study focuses on sharing the total renewable energy
generated among the participants. The results indicate that both ex-ante and ex-post dynamic sharing

brings few benefits.

© 2023 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Many countries worldwide, especially in the European Union,
are concerned about growing energy consumption and moving
away from fossil fuels towards cleaner energies. The promotion
of renewable energies, their efficiency and self-consumption are
some of the policies that the European Union is considering
strongly in residential energy consumption [1]. Many aspects
encourage increasing the level of self-consumption in residential
areas. On the one hand, consumers make a more profitable invest-
ment, as they benefit from lower electricity bills and a shorter pay-
back period. Through the use of smart appliances (e.g. washing
machines, dryers, dish machines, refrigerators, electric water hea-
ters, etc.), it is possible to create a demanding schedule to increase
the rate of self-consumption and decrease consumption peaks.
Complex and tedious administrative procedures are also being
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streamlined, thus increasing the competitiveness of small-scale
self-consumption projects.

In summary, self-consumption is ideal for supplying energy via
distributed or dispersed generation. Its main advantages are the
use of renewable energy and the decrease of power losses in distri-
bution networks, among others [2]. Although a hypothetical grid in
which self-consumption supplies all the loads is not feasible nowa-
days, it is essential to highlight that it is a way to encourage con-
sumers to be active in this new paradigm [3].

Studies on self-consumption in residential use continue to
evolve, and new solutions are constantly appearing in response
to changes in our society. On the one hand, citizens are committed
to greater use of renewable energies, assuming the possible added
costs. On the other hand, the cost reductions involved in investing
in the installation of self-consumption further accelerate its use.
Finally, the sharp increase in the cost of electricity bills is providing
a final boost so that investment in a self-consumption installation
is on the citizen’s agenda. Many countries created and are still
introducing changes in the regulation of self-consumption for res-
idential and commercial use. In particular, the subsidies intro-
duced successfully incentivised investments in renewable energy
for residential use.

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Different economic financing scenarios have demonstrated the
economic viability of investment projects in self-consumption
installations [4]. One of the first studies in Spain that demonstrated
the grid parity of self-consumption was conducted by Talavera
et al. [5]. Although they concluded that a lack of regulatory support
from the Spanish government and a decrease in reluctance on the
part of the major electricity companies, the reality was that regu-
lation was finally approved that went in the opposite direction.
In those years, interest in self-consumption was growing, although
it was still scarce [6]. Therefore, knowing that regulatory frame-
works played a very significant role in the progress of self-
consumption, new advances and research were appearing, com-
paring and evaluating the regulatory frameworks of some
countries.

The first projects did not envisage any subsidies. Bertsch et al.
[7] and Cucchiella et al. [4] investigated the economic viability of
self-consumption in the residential sector in an electricity market
scenario without subsidies. They compared internal rates of return
in Germany and Ireland, providing a simulation model to deter-
mine the most cost-effective sizes of PV and storage systems from
a household perspective. Camilo et al. [8] analysed the regulatory
framework in Portugal (Decree-Law 153/2014) regarding self-
consumption from the point of view of economic profitability. Four
different scenarios were studied: (i) separately, all the energy gen-
erated is injected into the grid, and all the energy demand is con-
sumed; (ii) the renewable energy generated is consumed, and the
surplus is injected into the grid; (iii) the surplus is stored in batter-
ies to be subsequently consumed or injected into the grid, and (iv)
the net metering model. Currently, the new framework, outlined in
Decree-Law 162/2019 of 25 October, aims to provide a more trans-
parent and supportive structure for self-consumption with renew-
ables, energy storage and energy communities.

Several studies have been carried out regarding the storage of
renewable energy generated by photovoltaic panels. Cerino and
Noussan [9] demonstrated through a comparison with the net
metering framework used in Italy that it is not competitive, mainly
due to two factors, the investment cost of the energy storage sys-
tem and the non-zero efficiency of the charging and discharging
cycles of the batteries. Lazzeroni et al. [10] also presented a study
on the economic analysis of investment in photovoltaic energy in
the residential sector, taking into account the variability of the
solar resource across the country’s geography case, Italy. In Slove-
nia, under a net metering framework, Virti¢ and Kovacic¢ [11] opti-
mised the self-consumption of a business-residential building by
correctly sizing the PV generation system; specifically, they min-
imised the price per kWh. Another interesting study by Roberts
et al. [12] in Australia was the impact of using a centralised shared
battery system in combination with PV self-consumption and its
influence on the electricity bill of an apartment building. The out-
come was that using a storage system alone was not convincing,
given the investment costs and without subsidies. In another work,
Avilés et al. [13] tested Net Billing and Net Metering schemes to
microgrids for individual and community residential customers
and took into account sixteen geographic locations in Chile. They
concluded that communities are more economical than individual
dwellings, and concerning geographic location, rural areas were
more cost-effective.

Although self-consumption is becoming a reality today, there
are some limitations, the most important being the investment
cost. Nevertheless, collective self-consumption represents an
opportunity to reduce investment costs. For this, creating an
appropriate regulatory framework is necessary to promote self-
consumption. Frieden et al. [14] analysed and compared the differ-
ent regulatory frameworks in the EU member states. Simultane-
ously, Campos et al. [15] concluded that collective renewable
energy prosumers should benefit from a regulatory structure that
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stimulates innovation potential. But at the same time, it guarantees
them sufficient legal support, as the current laws for collective self-
consumption need to provide a solid legal framework. Therefore,
following EU energy policies, countries should set clear and ambi-
tious targets for decentralisation between 2030 and 2050.
Recently, Contreras et al. [16] have presented a framework that
integrates the long and short-term planning of a collective sharing
a solar plus energy storage system by the French regulation. The
collective self-consumption consisted of 15 consumers in the south
of France.

There have been many regulatory changes in Spain regarding
renewable energies. From the generous promotion carried out in
2007 to incentives eliminated in 2014. A related economic and
financial study (regulatory cuts) was conducted by Ibarloza et al.
[17]. Royal Decree 900/2015 [18] established high taxes and
charges (known as the sun tax) that made the installation of self-
consumption in a Spanish home not profitable. It was already in
the following modification of the law, Royal Decree-Law 15/2018
[19] where the sun tax was derogated, and a whole series of new
features were incorporated that would determine the future of
self-consumption of electricity. In the current Royal Decree
144/2019 [20], some barriers were abolished [21]. Self-
consumption is now a reality using a simplified mechanism to
compensate for the economic surplus of not self-consumed energy.
On the other hand, it is also in this last Royal Decree that the
administrative, technical and financial conditions of collective
self-consumption are developed.

As mentioned previously, Talavera et al. [5] studied grid parity
and self-consumption before the Royal Decree 900/2015 [18]. In
that study, they already discussed the economic problems, the
changing regulatory framework, excessive bureaucracy and the
addition of extra fees or possible backup tolls, which are very
harmful to self-consumption development. The current raised
prices are creating a new scenario where the introduction of stor-
age systems is close to being used. Similar results were obtained by
Lépez Prol and Steininger [22] on the profitability of the residen-
tial, commercial and industrial sectors under the same regulatory
framework. They reported that PV generation was economically
not viable for users in the residential and industrial sectors. Finally,
De la Hoz et al. [23] studied the same problem and concluded that
the tariff and a new change in the regulatory framework were
needed.

In 2019 the new Royal Decree 144/2019 [20] came out. Since
then, several authors have analysed self-consumption in Spain.
Lépez Prol and Steininger [24] examined the impact of the new
regulation using the internal rate of return as an indicator of prof-
itability in the residential, commercial and industrial sectors. In the
same line, Escobar et al. [25], using average data and a financial
model, analysed the difference in profitability according to the
number of members in a household and compared the results in
six EU countries, concluding that the payback period in Spain
was more significant than in the rest of countries. Roldan et al.
[26] performed an average study taking into account the regulated
VPSC (Voluntary Price for Small Customer) tariff, specifically, the
2.0A residential tariff and concluded that the installation of a com-
mercial PV kit of 1.5-2 kWp appeared to be optimal. Based on
monitoring a full year of operation of a self-consumption PV plant
in a university building, Mendieta and Hernandez [27] simulated
the building’s behaviour. The results determined that grid parity
was reached in a payback period of 8 to 9 years in educational
and office buildings. Concerning the levelised cost of electricity
(LCOE), it was in the market price range of the electricity pool.

In the studies discussed above, average values of hourly energy
prices were used for each hour of the year and dwelling demand
values. In cases where variability changes abruptly over a long per-
iod, such as a year or where the electricity market is highly volatile,
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these results may be far from reality. Given this, the following
studies focus on analysing these circumstances. Gallego et al. [2]
conducted a survey of self-consumption performed with DER-
CAM in Spain using hourly electricity prices instead of applying
constant values related to average market prices. The obtained
results showed that self-consumption was cost-effective in all
regions in Spain. A new approach in the study of self-
consumption in dwellings, such as the influence of the resolution
of smart meter reading periods on the electricity consumption pro-
file of homes, was addressed by Jiménez et al. [28]. In that article,
the authors indicated that high recording intervals could provide
an overestimation of performance metrics.

This paper aims to optimise the sizing of a self-consumption
installation for collective self-consumption in a residential building
under the Spanish regulatory framework based on a techno-
economic analysis. The study focuses on three main aspects: it
compares an average daily model with a proposed whole year
model, it analyses the effect of the domestic load scheduling, and
it evaluates the use of variable sharing coefficients established in
the Order TED/1247/2021 [29]. These three aspects comprise the
novelty of this paper. Another significant issue is that this study
is conducted in the context of the recent volatility of retail electric-
ity prices.

The document is organised by describing, in Section 2, the
methodology used, where the domestic load model, the energy
management system and the economic evaluation were addressed.
The description of the study case and the data in Section 3 follows
this, including the irradiance, appliances and electricity price data.
Section 4 presents the results of sizing optimisation, scheduling
household appliances and the renewable energy sharing problem
in the collective self-consumption. Finally, conclusions are pro-
vided in Section 5.

2. Methodology

The study focused on a building composed of 12 dwellings,
where a collective self-consumption system was analysed from dif-
ferent points of view. The following actions were developed to
achieve the main objective of the article:

- Compare the two types of self-consumption (with and without
surpluses) between them and versus the installation without
self-consumption. At the same time, compare the self-
consumption of an individual dwelling versus the collective
one.

Evaluate the convenience of applying the scheduling of house-
hold appliances.
Optimise the
consumption.

coefficients in collective self-

sharing

Firstly, the study was divided into two types of installation,
individual (one dwelling) and collective (12 dwellings), and then
applying the two modalities of self-consumption following the reg-
ulations of Royal Decree 144/2019 [20] (with and without sur-
pluses) to each one. In addition, two models were used; an
average daily model and a whole-year model. The use of hourly
electricity prices justified the comparison of these two models.
Also, the compensation mechanism used in one of the self-
consumption modalities raised questions about the accuracy of
the average daily model.

Table 1 illustrates a summary of the different scenarios evalu-
ated throughout the study. In this table, the first column splits
the study cases into four groups. The first one is the case without
self-consumption. This is the case study of reference. The second
group corresponds to eight sizing optimisation scenarios depend-
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ing on dwelling type, self-consumption modality and time model.
The third group is divided in three subgroups: sizing and schedul-
ing optimisation, a scheduling strategy based on the irradiance and
a scheduling strategy based on the electricity prices. The average
daily model was not applied to scheduling. Finally, the sharing of
the renewable energy generated is analysed by optimisation, a
pro-rata sharing based on power demanded and equal sharing. In
this last group, neither the average daily model nor individual
dwelling was applied.

From the point of view of optimisation, the objective function
for all the analyses was the cost of energy (COE). The algorithm
used in this paper to solve the optimisation problems belongs to
the group of population heuristics. Among the plethora of meta-
heuristics algorithms, JAYA algorithm [30] was chosen because it
does not require tuning any algorithm-specific parameters except
for the population size and the number of iterations. All the algo-
rithms were programmed in MATLAB® version 2022a.

2.1. Dwelling load model

As mentioned in the introduction to this section, a group of
studies to be carried out include the scheduling of dwelling loads.
To this end, a model has been designed for each house appliance
typically used in dwellings.

In a previous work [31], a simpler model was already used to
allow the scheduling optimisation of household loads over time.
A more detailed model has been developed in this paper to model
the wider variety of appliances and to fit the actual demand curve.
Once the various household appliances were studied, three main
patterns were found:

1) A train of a few pulses with different widths.

2) Loads with periodically performance, or not being periodic,
could be approximated by a periodic function.

3) Constant loads, specifically loads with a low consume and
distributed along the day.

Therefore, the proposed model in this paper includes these
three functions to allow modelling different household appliance
types. Each appliance has a demand model whose load profile
can consist of a combination of three functions, one for each pat-
tern. The first two functions are achieved by equation (1).

p(t) = Zn: 1/(exp(m(t — ti + di/2)) + 1) — 1/(exp(m(t — t;
i=1

—di/2))+1) (1)

The first function models a multi-pulse string with different
pulse widths and its start and stop times. Fig. 1a represents this
string of pulses where t; is the centre of the pulse, d; is the width
of the pulse, m is a parameter proportional to the slope of the pulse
and n the number of pulses. In addition, the pulse centre and pulse
width values are randomly generated from a normal distribution
with average values t; and d;, and standard deviations o, and gy,
respectively. This string of pulses is generating using (1).

The second function (Fig. 1b) consists of a string of pulses of
equal width and equally spread over a given time interval. In this
case, the periodic pulse string with start at tgg, end at te,y, width
d and n the number of pulses, is again defined by equation (1),
being:

d= (tend - tstart)/(n - 1) (2)

ti = {tsmm tstart + d-, tstart + 2d7 Tty tstart + (n - 1)d} (3)

Note that the width d; is calculated from a normal distribution
with mean d and standard deviation ay.
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Table 1
Different scenarios based on dwelling, self-consumption and time model types.
Study cases Type of dwelling Self-consumption modality Time model Number of
Individual Collective without with Average daily Whole year scenarios
surpluses surpluses model model
Without self-consumption yes yes no no yes yes 2?2
Sizing optimisation yes yes yes yes yes yes 23
Sizing and - Optimisation yes yes yes yes no yes 2?2
Scheduling - Irrad. strategy ~ yes yes yes yes no yes 22
- Price strategy yes yes yes yes no yes 2?2
Sharing - Optimisation no yes yes yes no yes 2
- Pro-rata no yes yes yes no yes 2
demand
- Equal no yes yes yes no yes 2
1 in the residential sector in Spain [32], updated with 2020 data pro-
o, vided by the Institute for Energy Diversification and Saving [33].
a) - Table 2 provides these consumptions per appliance. On the other
hand, a daily seasonality coefficient (Table 3) has been obtained
t-d)2 Tt d)2 from the evolution of annual consumption in an average Spanish
household [34,35].
pulse 1 pulse 2 pulse 3 pulse n Finally, for the case of collective consumption, a random scaling
K 1 factor between 75 % and 125 % (Chousenoir) has been used for each
2 b) d d 7 s a dwelling to diversify consumption. Therefore, the unit area wave-
=7 form obtained by (4) is affected by a daily amplitude of value
E formed by three factors o coefficients.
fsrjm rer'ui E= ChouseholdCseasonalitycappliance (6)
1 Another aspect to consider is the model of household appli-
ances whose operation can be programmed over time. To this
c) end, this study allows for scheduling household appliances such
as the washing machine, dishwasher and tumble dryer. These
appliances are modelled using the first function (Fig. 1a), using a
0h Hour 24 h single pulse. This way, the instant time it comes into operation

Fig. 1. A) asymmetric string of pulses, b) periodic train of pulses and c) constant
function.

The third function corresponds to a constant load for a full day
(Fig. 1c). The amplitude of this constant load is generated using a
mean value and a standard deviation o.

Most household appliances can be modelled using only the first
function, and others using a combination of them. For example, the
first function is used for appliances such as electric water heaters,
cookers, washing machines, etc. In conjunction with the first func-
tion, the second one is used for lighting and refrigerator plus free-
zer. The third function is used for standby consumption and others.
These three functions can be weighted so that the area of the
waveform modelled by the appliance is unity. Therefore, the equa-
tion that models the pattern of each appliance is:

Dappliance = E1p1 (t) + Esz(t) +E3 (4)
Where
24h 24h
p(tydt =1, p,(t)dt = landE; + E; + Es =1 (5)
0

The daily demand power of each appliance, pyppiigne, is calcu-
lated for each day of the year. Although the mean values of the
time instants and pulse widths are fixed, each day results in a dif-
ferent demand curve due to the dispersion introduced by the stan-
dard deviation of each of them. Once the waveform pattern
representing the consumption of each household appliance has
been defined, it is necessary to adjust it to average daily consump-
tion. For this purpose, the generation of the pattern of loads is
obtained from the summary of basic information on consumption

can be optimized.
2.2. Energy management system model

The hybrid system used for modelling a single home and collec-
tive consumption has the same model. However, there are some
differences, especially in the economic analysis. Regarding the
energy model, an energy balance is made among the elements that
constitute the hybrid system: the renewable energy (PV), the bat-
tery, the load and the grid [31]. Fig. 2 presents the simple structure
for energy management in the hybrid system. The PV panel is mod-
elled with its generating power (Ppy) directly proportional to the
irradiance. As for the battery model, the battery is considered an
ideal energy reservoir except for charging and discharging energy

Table 2

Average annual consumption per appliance and appliance coefficient.
Appliance kWh/dwelling and year Cappliance
Heating 313.56 0.8591
Water heater 317.94 0.8711
Cooker 395.48 1.0835
Air conditioning 99.37 0.2723
Lights 500.00 1.3699
Refrigerator 804.90 2.2052
Freezer 159.33 0.4365
Washing 311.68 0.8539
Dishwasher 159.32 0.4365
Dryer 88.09 0.2413
Owen 217.25 0.5952
TV 320.58 0.8783
PC 195.26 0.5350
Standby 281.72 0.7718
Rest appliances 92.78 0.2542
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Table 3

Seasonal coefficients of residential demand.
Months Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Ceasonaiity 1.284 1.160 1.015 0.849 0.857 0.870 1.139 0.911 0.891 0.932 0.849 1.243

[PPV = Proap/Mconv ]

S0C = 100% [PBATT + Ppy 2 PLOAD/TICONV]

Yes No
Battery is totally Battery is being Battery plus Battery, PV
charged. The charged. The PV supply and the grid
surplus is expor- surplus is expor- | | energy to the | | supply energy
ted to the grid. ted to the grid. loads. to the loads.

Fig. 2. Energy management scheme for a dwelling.

losses and self-discharge losses. Charging the battery from the grid
is not allowed because it is uneconomical.

In the case of collective self-consumption, the hybrid system is
centralised, i.e. the battery and the installation of the panels are
communal. Therefore, from the point of view of the simulation of
the hybrid system, it makes no difference whether it is one or sev-
eral dwellings. However, when calculating the electricity bill, it is
necessary to know how the energy generated by renewable energy
is distributed among the different users. In principle, equal sharing
was chosen, although different alternatives have been simulated
and optimized.

2.3. Economic evaluation

To evaluate the project, it is necessary to simulate the system
for one year. The case study is intended to study the profitability
of the installation over a more extended period, e.g. fifteen years.
Therefore, all the costs and revenues incurred during the remaining
years are accounted for, considering the analysis of one year but
introducing the effect of the interest rate and inflation.

The costs involved in installing a hybrid system include equip-
ment investment, replacement and maintenance costs. These costs
will deduct the income from the sale of electrical energy and the
installation equipment’s salvage value, which is shorter than the
project’s lifetime.

The investment costs will be incurred at the beginning of the
study period, corresponding to purchasing and installing the ele-
ments that compose the hybrid system. These costs will be a func-

tion of the installation (P2, C2AT and PSOY), and (7) shows their
detail.

PV pPV BATT ~BATT | (~CONV pCONV
Ciny = CINVPEIZE +Cw Coze +Ciny Pz + Cinstaus (7)

During the project’s life, it is necessary to add the different vari-
able costs that the project incurs. As they occur in the future, these
costs must be discounted to the present value at the time of instal-
lation. Since the battery life is usually shorter than the project’s
life, the battery replacement’s investment (C2ATT

repace) and the salvage
value at the end of the installation (VE[, ;) must be affected by
the appropriate discount rate. The electricity bill (Cgec) will also

be considered a cost since although it may decrease due to the sale

of energy to the grid, it will never be negative. The sum of all costs
or capital flows discounted to the initial date of the facility is
known as the net present cost (8).

1 1
NPC = Civy + Chepiace Z W — Viatvace a

= +1i)"
+ O&MZ ,<+ ELECZ

The discount factor is defined by (9) and depends on the real
interest rate (ir) and the number of years (n), which in turn
depends on the nominal interest rate (i) and the inflation rate (f).

1
fd:m 9)

i—f
1+f

The approach to calculating the battery replacement cost and
the salvage value is the same, except that it relates to specific

points in the project’s life. For this purpose, the number of replace-
ments (11) and the salvage value (12) are calculated in advance.

(8)

1+1r

i = (10)

. LIFEproject
ng = int (7LIFEBATT (11)
LIFEgarr — (LIFE — ngLIFE,
Vg//:g/rAGE — Cpep BATT ( PROJECT — TR BATI‘) (12)

LIFEgarr

The last cost to assess is the cost of electricity purchased from
the grid (13). This cost will also be affected by the discount rate
and its development will be explained in the following subsection.
It should be noted that this cost is calculated independently for
each dwelling, being (n,) the number of households.

Mp

Caec = Y Epui(j) (13)
=1

Once the net present cost of all capital flows over the project’s
life has been calculated, a hypothetical constant annual cost is cal-
culated. Expression (15) uses the capital recovery factor and the
annualised cost for this purpose.

CRF = !

14
Zk ( )

1+lr

Cannuarizep = NPC - CRF (15)

Finally, to assess the actual cost of energy (COE), the annualised
cost is divided by the energy consumed during one year.

COE =

CANNUALIZED |: (1 6)

€
kWh demanded per year kWh}

Table 4 lists the parameters used in the techno-economic for-
mulation described above.

2.3.1. Electricity tariff analysis

In Spain, there are two ways for small consumers to access elec-
tricity supply. Two companies are in charge of that, the reference
retailers and the free market retailers. Currently, the number of ref-
erence retailers in Spain is 8, while in the free market case, there
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Table 4
Parameters for techno-economic studies.

Parameter Value Description

chv, 544 €/ PV investment cost
kWp
CIBIQ“}T 668 €/ Battery investment cost
kwWh
Cng"l{ACE 534 €/ Battery replacement cost
kwWh
ng 8 years Battery Life
csonv 180 €/ Inverter cost PV
kw
ng‘yVA 634 €/ Inverter cost PV + BATT
kwWh
CINsTALL 2300 € Installation cost (legalisation included)
Coem 0.02Cjyy  Operation and maintenance cost (percentage of total
investment cost)
Ngatr 0.8 Battery efficiency (controller included)
Ncony 0.93 Inverter Efficiency
i 1% Nominal interest rate
f 5% Inflation rate
n 15 years Project life

are more than 300, being their scope local, regional or national. In
this work, the tariff used for the tests has been the regulated mar-
ket price, fixed by the government, which is called the voluntary
price for small consumers (PVPC). The PVPC is designed for domes-
tic use or businesses that do not need to take out more than 15 kW
of electrical power. This tariff can only be taken out with hourly
discrimination in three periods. Table 5 shows the different peri-
ods, tolls, charges and taxes for this tariff named 2.0 TD.

Generally, two terms comprise the electricity bill; the fixed
(power) term due to transmission and distribution tolls plus
charges and the variable (energy) term. The summation of the
hourly energy price multiplied by the power demanded in an hour
during a specific period, such as a month, forms the variable energy
term.

Nowadays, because of the enormous energy cost increase, the
electricity bill has a relevant impact on the assessment of a renew-
able energy installation. This impact is caused by the energy price
increase itself and how the electricity bill is determined. For
instance, in 2020, the variable (energy) term percentage versus
the fixed (power) term was 60 % versus 30 %. However, for the last
twelve months (from August 2021 to July 2022), the proportion has
increased to 83 % versus 11 %.

Regarding self-consumption, two modalities are regulated by
Royal Decree 144/2019 [20].

(i) Self-consumption without energy surplus. The whole energy
produced by the installation is consumed or stored without
being able to supply the energy to the grid.

(ii) Self-consumption with energy surplus (up to 100 kW). The
renewable energy generated can be consumed, stored or
supplied to the grid. In this modality, there are two

possibilities:

Table 5

Fees, Tolls and charges for tariff 2.0 TD.
Term Value
Fp12 26.164043 €/kW-year
Fp3 1.143132 €/kW-year
Frrm 3.113 €/kW-year
Fenergy (1) 0.074409 €/kWh
Fenergy(2) 0.02847 €/kWh
Fenergy(3) 0.003034 €/kWh
TE 0.5 % of fix term plus variable term.
Cr 0.81 €/month
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(a) Compensate the energy consumed by the energy supplied to
the grid. This mechanism consists of subtracting from the
bill the amount obtained by multiplying the hourly exported
energy to the grid by the compensation price of energy (this
price is lower than the PVPC price, around 68 % of it on aver-
age). However, there is a restriction on compensating; this
must be done in a month, and the compensation in a month
cannot be negative.

(b) Sell the energy exported to the market. This case is not
appropriate for smaller consumers, so this case is not consid-
ered in this study.

The cases considered in this paper are modalities (i) and (ii-a).
The calculation of the electricity bill for a 30-day month corre-
sponds to the following expressions, valid for both modalities by
simply assigning a zero value to the compensation value:

720

Egip = 30Fp12PCiy + 30Fp3 PCs + 30F ey PCy + ZPI’VPC<’1)Eilnpurrcd<h) — Veompensation +TE

h=1

Fix Term

Variable Term

+ Cg + VAT
17
3
Tcenergy = ZE(p)Fenergy(p) (18)
p=1

720 720
chmpensﬂtion = min (Z PCOMP(h)Eexported(h)7 Z PPVPC(h)Eimporred (h> - TCenergy)
h=1 h=1

(19)

Where; Fp;, and Fp; are the power fees for transmission and dis-
tribution tolls plus charges for peak-flat and valley periods, respec-
tively. Frry is the fee for the fixed trading margin. PCy, and PC; are
the contracted power for the peak-flat and valley periods. A value
of 20 % higher than the maximum power consumed during a year
have been considered for the two periods. Ppypc(h) is the hourly
voluntary price for small consumers and Pcomp(h) is the hourly
price of compensated energy exported to the grid. Both values
were obtained from [36]. Eimported and Eexportea are the hourly ener-
gies imported and exported to the grid. Fenergy(p) is the energy fees
for transmission and distribution tolls plus charges for peak, flat
and valley periods, being p the index used to assign the three peri-
ods (peak, flat and valley). TCenergy is the total energy fee due to
transmission and distribution tolls plus charges. Vcompensation iS the
compensation value that subtracts from the price of energy
imported from the grid after deducting energy tolls. T is the elec-
tricity tax, Cy is the rental price of the measuring equipment, and
VAT is the value-added tax, in this case, 5 %. Table 5 shows the val-
ues used in the paper.

3. Case study data

In this section, all data needed to perform the simulations and
optimisations are described. Although there are several cases and
many scenarios (see Table 1), all of them share the same initial
data: the irradiance, the load and the energy prices.

3.1. Irradiance data

The irradiance data covers one year, in particular from July to
June. In Fig. 3, the global irradiance used in this study is plotted
for each day of the year and each hour of the day (time step of
5 min) for the scenarios where a full year is analysed, taking into
account seasonality. It can be observed from this image that the
central area has more areas with low irradiance because it corre-
sponds to the winter season, while at the extremes, it is summer.
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Fig. 3. Global irradiance for a year.

The irradiance hourly data was obtained from PVGIS photovoltaic
geographical information system [37], and corresponds to the
years 2019-2020.

3.2. Dwelling domestic load data

A group of 12 household appliances, for which the average
annual demand per household is known, has been used to obtain
the household loads [32,33].

The parameters (average times and standard deviation) neces-
sary for the model proposed in Section 2 were determined for each
appliance. Depending on the particular characteristic of each appli-
ance, the different types of signals have been used, adding them or
not, to obtain a profile suitable for typical use in a household.
Table 6 lists all the parameters used to model the household loads
for each appliance.

Fig. 4 shows the power demand of a dwelling for one year. The
horizontal axis represents the 365 days from July to June, and the
vertical axis represents the time of day, taken every 5 min. There-
fore, the image (its colour) reports the power demand in watts. In

Energy & Buildings 283 (2023) 112812

"'i IM‘lﬂ'f Il“ll‘f {m AT 'W;
i I ? f l“ ’, ‘f.f” b,/ s{
U’F‘\,'. \'t"(’ll'l

5000

2997

1797

1077

646

387

Power Demand (W)

232

139

83

&N X
P PR o @ W@ S

Fig. 4. Power demand of one dwelling for a year.

the case of collective consumption, a different demand is generated
for each of the dwellings considering a random variation as indi-
cated in Section 2.1. In the case of an analysis using the average
model for one day, the model consists of an average daily load
curve for each dwelling, as depicted in Fig. 5.

3.3. Electricity energy prices

In 2020, electricity prices were low compared to previous years.
The cause was, evidently, the covid-19 pandemic, which con-
tracted the economy and consequently reduced energy demand,
leading to a fall in prices. In January 2021, there was a temporary
increase, mainly due to storm Filomena.

In June 2021, a new electricity tariff came into force, with three
different energy prices according to three-time slots: peak, flat, and
valley. On 16 September 2021, Royal Decree-Law 17/2021 on
urgent measures to alleviate the impact of the increase in natural
gas prices on the retail gas and electricity Markets came into force.
Fig. 6 shows that price volatility decreased, especially in the peak
period, achieving a lower average value in the short term, but then

Table 6
Parameters for household appliances.
Name Enable Var. Function 1 Function 2 Function 3
t; gy, d; gy, Eq ny Cstart tend d (] E, Og E3
Heating True False 19.5 0.5 7 0.5 1 0 0 0 0 0 0 0 0
Water heater True True 8 0.5 1 0.1 2/3 1 20 20 0.5 0.5 1/3 0 0
Cooker True False 8 0.5 0.16 0.06 0 0 0 0 0 0 0 0 0
14.5 1 0.6 0.41
18 0.5 0.16 0.06
215 1 0.16 0.47
Air conditioning True False 18.5 0.5 7 0.5 1 0 0 0 0 0 0 0 0
Lights True False 7.5 0.5 1 0.2 0.13 15 5 235 8/60 0.01 0.1 0.1 0.1
21 0.5 3.75 0.5 0.67
Refrigerator True False 14 0.1 0.5 0.1 0.1 20 0.5 235 0.3 0.01 0.9 0 0
Freezer True False 7 0.1 0.4 0.1 1/3 0 0 0 0 0 0 0 0
13 0.1 0.4 0.1 1/3
18 0.1 0.4 0.1 1/3
Washing machine True True 10 0.5 2 0.5 1 0 0 0 0 0 0 0 0
Dishwasher True True 16 0.5 3 0.1 0.5 0 0 0 0 0 0 0 0
Dryer True True 18 0.5 0.5 0.1 1 0 0 0 0 0 0 0 0
Owen True False 21 0.5 0.5 0.1 1 0 0 0 0 0 0 0 0
TV True False 8 0.5 0.5 0.1 1/11 0 0 0 0 0 0 0 0
15 0.5 1 0.1 2/11
21 0.5 4 0.1 8/11
PC True False 19 0.5 1 0.1 1 0 0 0 0 0 0 0 0
Standby True False 0 0 0 0 0 0 0 0 0 0 0 0.1 1
Rest of appliances True False 0 0 0 0 0 0 0 0 0 0 0 0.2 1
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Fig. 5. Average hourly power demand of each dwelling.

suffered large ups and downs, reaching an all-time high on 8 March
2022. Since then, the average price has remained within a more or
less constant range. However, one effect observed since mid-June
2022 is the gap between the PVPC price and the price used for
the energy compensation surplus fed into the grid. This difference
has the effect of increasing the size of the installation to compen-
sate for the cost of energy.

4. Results

This article carried out different analyses. Firstly, the authors
studied the optimal sizing of the battery and the photovoltaic
panel for the two modalities of self-consumption and both individ-
ual and collective self-consumption. In this first optimisation, two
models of the system to be studied were used, a simple one based
on average values for one day (average day model) and another one
that evaluated the system for a whole year (whole year model).
Both models used a simulation time step of 5 min. Secondly, the
authors carried out a study of the effect of scheduling the demand
of certain appliances. They added optimisation of the start time of
some household appliances and the incorporation of a strategy for
scheduling appliances. Finally, and only for collective self-
consumption, the distribution of renewable energy between the
different consumers was optimised and analysed. In all optimisa-
tion problems, the objective function was the cost of energy (COE).
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4.1. Without self-consumption case study simulation results

To evaluate the two modalities of self-consumption, apart from
comparing them with each other, they were compared to the
installation without self-consumption, assessing their profitability
according to the cost of energy (COE). In the case of an installation
without self-consumption, the energy cost is none other than the
average cost per kWh. Therefore, the installation’s annualised cost
coincides with the cost of the electricity bill. It is enough to divide
the cost of the electricity bill by the energy consumed to obtain the
COE. Table 7 shows the simulation results for a single dwelling
using the two proposed models (average day and whole year mod-
els), and Tables 8 and 9 show the same information but for the case
of a building with 12 dwellings using the model for a whole year
and the model for an average day, respectively. These tables show
the cost of the electricity bill (Annual bill), the net present cost
(NPC), the annualised cost (Ann. Cost), the energy demanded in a
year (Energy) and the cost of energy (COE) for each dwelling. The
last row of Tables 8 and 9 is the sum of the entire set, except for
the COE.

Analysing the results obtained, although they are different in
electricity bills, the actual bill (whole year model) is 1.02 % higher
on average than the bill calculated with the average day values (av-
erage day model). The error in the calculation of the COE is also
around 1.02 %. Therefore, based on the data obtained, it is much
more efficient to use an average day model versus the whole year
model for the case of electricity bill calculation without self-
consumption due to computational effort.

4.2. PV and battery size optimisation

Given the small error obtained in the results offered by the
average day model in the calculation of the cost of energy, in this
section, dedicated to the optimisation of the sizing of the self-
consumption installation, the optimisation of a single dwelling
with the two models (average day and whole year models) was
addressed first. Table 10 shows the results obtained for one dwell-
ing using the two modalities of self-consumption.

The first two rows of Table 10 correspond to the self-
consumption modality without surplus. According to the results,
the solution given by the average day model differs significantly
from the solution of the whole-year model. The results yield not
only different energy costs but also different dimensioning values
of the installation. In addition to installing a 2.3 kWp panel, a bat-
tery with a capacity of 5.98 kWh is needed. These results are not at
all realistic since when simulating the installation with these val-
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Fig. 6. PVPC 2.0TD and simplified compensation price of energy surpluses.
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Table 7

Results for one dwelling using the average day and whole year model.
Model Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh)
day 1578.54 19666.60 1578.54 4361.95 0.36189
year 1595.62 19879.37 1595.62 4361.95 0.36580

Table 8

Results for 12 dwellings (whole year model).
Dw. Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh)
1 1606.60 20016.10 1606.60 4400.00 0.36514
2 1171.02 14589.33 1171.02 3072.86 0.38108
3 1308.09 16297.10 1308.09 3439.05 0.38036
4 1600.70 19942.59 1600.70 447491 0.35770
5 1366.06 17019.32 1366.06 3692.65 0.36994
6 1245.65 15519.12 1245.65 3324.52 0.37468
7 1441.47 17958.84 1441.47 3774.00 0.38195
8 1451.05 18078.19 1451.05 3854.00 0.37650
9 1598.51 19915.38 1598.51 4396.09 0.36362
10 1467.27 18280.32 1467.27 4066.97 0.36078
11 1636.38 20387.18 1636.38 4435.41 0.36894
12 1650.42 20562.07 1650.42 4506.33 0.36624
All 17543.21 218565.53 17543.21 47436.79 0.36982

Table 9

Results for 12 dwellings (average day model).
Dw. Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh)
1 1588.56 19791.42 1588.56 4400.00 0.36104
2 1159.55 14446.50 1159.55 3072.86 037735
3 1294.00 16121.52 1294.00 3439.05 0.37627
4 1584.23 19737.45 1584.23 447491 0.35403
5 1352.38 16848.90 1352.38 3692.65 0.36624
6 1233.03 15361.97 1233.03 3324.52 0.37089
7 1428.61 17798.64 1428.61 3774.00 0.37854
8 1435.64 17886.20 1435.64 3854.00 0.37251
9 1580.77 19694.33 1580.77 4396.09 0.35958
10 1453.31 18106.36 1453.31 4066.97 0.35734
11 1619.58 20177.82 1619.58 4435.41 0.36515
12 1634.09 20358.60 1634.09 4506.33 0.36262
All 17363.75 216329.71 17363.75 47436.79 0.36604

Table 10

Sizing results for a single dwelling (average day and whole year models).
Case Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh) Battery Size (kWh) PV Size (kWp)
Without surplus (whole year model) 1172.86 19368.67 1554.63 4361.95 0.35641 0.00 2.08
Without surplus (average day model) 230.30 15204.84 1220.42 4361.95 0.27979 5.98 2.30
With surplus (whole year model) 416.13 12023.70 965.08 4361.95 0.22125 0.00 4.39
With surplus (average day model) 348.26 9999.13 802.58 4361.73 0.18401 0.00 3.08

ues with the whole year model, the results obtained are a COE
equal to 0.3856 €/kWh, an annual bill of 691.85 €, an NPC of
20955.0 € and an annualised cost of 1682.0 €. Therefore, using
the average day model for the self-consumption modality without
surpluses is inappropriate. On the other hand, in the case of self-
consumption with surpluses under compensation, although the
results are not similar, the error is much smaller. However, it is a
very high error, 32.5 % and 16.8 % lower in estimating the panel
size and COE.

Tables 11 to 14 show the same result but for the collective con-
sumption installation, consisting of 12 dwellings for the two self-
consumption modalities and the two-time models of the system.
Each row of these tables shows the information for each dwelling
and the total in the row labelled 'Coll'. The last row indicates the
values obtained in the sizing optimisation. The optimisation results
for the whole-year model (Tables 11 and 12) were a 22.53 kWp and
0 kWh for self-consumption without surpluses and a 45.56 kWp

and 0 kWh for self-consumption with surpluses under compensa-
tion. The average day model (Tables 13 and 14) yielded a result of
24.04 kWp and 56.78 kWh for self-consumption without energy
surpluses and 38.05 kWp and 0 kWh for self-consumption with
surpluses under compensation. Concerning the models used, there
is undoubtedly a difference between the average day model and
the whole year model, and the same considerations are valid in
the case of collective self-consumption; that is, the average day
model is not appropriate. Therefore, considering only the results
of the whole-year model, the COE in a self-consumption installa-
tion is generally reduced compared to a non-self-consumption
installation.

In the case of a single dwelling self-consumption and a whole-
year model, the results (Table 10) show a reduction in the COE
value of 2.56 % for self-consumption without surpluses and
39.51 % for self-consumption with surpluses; both compared to
an installation without self-consumption (Table 6). According to
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Table 11

Size optimisation results under self-consumption without surplus (whole year model).
Dw. Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh)
1 1196.68 16846.77 1352.21 4400.00 0.30732
2 846.09 12478.89 1001.62 3072.86 0.32596
3 958.47 13879.05 1114.00 3439.05 0.32393
4 1184.17 16690.93 1339.70 447491 0.29938
5 1000.43 14401.82 1155.96 3692.65 0.31304
6 902.68 13183.96 1058.21 3324.52 0.31831
7 1070.84 15279.03 1226.37 3774.00 0.32495
8 1070.75 15277.88 1226.28 3854.00 0.31818
9 1187.99 16738.52 1343.52 4396.09 0.30562
10 1076.73 15352.37 1232.26 4066.97 0.30299
11 1221.97 17161.87 1377.50 4435.41 0.31057
12 1239.87 17384.95 1395.41 4506.33 0.30965
Coll. 12956.67 184676.05 14823.06 47436.79 0.31248
Battery Size: 0 kWh PV Size: 22.53 kWp

Table 12

Size optimisation results under self-consumption with surplus (whole year model).
Dw. Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh)
1 465.82 9476.30 760.62 4400.00 0.17287
2 306.30 7488.90 601.10 3072.86 0.19562
3 361.99 8182.78 656.79 3439.05 0.19098
4 450.06 9280.01 744.86 447491 0.16645
5 366.62 8240.43 661.42 3692.65 0.17912
6 326.49 774041 621.29 3324.52 0.18688
7 423.88 8953.78 718.68 3774.00 0.19043
8 414.80 8840.73 709.60 3854.00 0.18412
9 458.78 9388.59 753.58 4396.09 0.17142
10 391.19 8546.54 685.99 4066.97 0.16867
11 494.48 9833.33 789.27 4435.41 0.17795
12 493.87 9825.81 788.67 4506.33 0.17501
Coll. 4954.29 105797.63 8491.87 47436.79 0.17901

Battery Size: 0 kWh

PV Size: 45.56 kWp

Table 13

Size optimisation results under self-consumption without surplus (average day model).

Dw. Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh)
1 431.93 13379.26 1073.89 4400.00 0.24407
2 260.21 11239.92 902.17 3072.86 0.29359
3 291.24 11626.49 933.20 3439.05 0.27136
4 427.27 13321.29 1069.24 447491 0.23894
5 271.16 11376.35 913.13 3692.65 0.24728
6 259.88 11235.78 901.84 3324.52 0.27127
7 326.03 12059.91 967.99 3774.00 0.25649
8 315.88 11933.41 957.84 3854.00 0.24853
9 423.47 13273.85 1065.43 4396.09 0.24236
10 301.07 11748.96 943.03 4066.97 0.23188
11 462.28 13757.40 1104.24 4435.41 0.24896
12 477.16 13942.81 1119.12 4506.33 0.24834
Coll. 4247.58 148895.42 11951.12 47436.79 0.25194

Battery Size: 56.78 kWh

PV Size: 24.04 kWp

collective installation self-consumption and a whole-year model,
the results (Tables 10 and 11) show a reduction in the COE value
of 15.5 % for self-consumption without surpluses and 51.5 % for
self-consumption with surpluses under compensation. These
results were compared to an installation without self-
consumption (Table 7).

Regardless of the modality of self-consumption chosen, note
that the COE presents a lower value in the case of collective con-
sumption than that obtained for individual consumption. Regard-
ing the modality of self-consumption, self-consumption with the
sale of surpluses presents a lower COE than self-consumption
without surpluses.

Another particularity is that the size of the collective installa-
tion is smaller on average than the size of the individual installa-
tion, allowing a lower investment cost per dwelling than the

10

individual one. As in the case of the installation of a single house,
in the case of collective self-consumption, installing a battery is
not profitable. Finally, note that installing a battery is not econom-
ically profitable in the optimisation process. Several aspects are
responsible for this result. On the one hand, the selling prices of
energy are lower than the purchase prices; on the other hand,
the charging and discharging energy losses of the battery affect
the system efficiency; thirdly, the monthly compensation ceiling
and finally, the price of the batteries.

4.3. Sizing and scheduling

In this section, the time scheduling optimisation of certain
household appliances was used to evaluate the impact on the
energy cost. Table 6 shows the appliances considered, where their



AJ.G. Mena, V.f.N. Medina, A. Bouakkaz et al.

Energy & Buildings 283 (2023) 112812

Table 14

Size optimisation results under self-consumption with surplus (average day model).
Dw. Annual bill (€) NPC (€) Ann. Cost (€) Energy (kWh) COE (€/kWh)
1 348.91 7453.98 598.30 4418.58 0.13540
2 289.94 6719.33 539.33 3086.86 0.17472
3 321.99 7118.59 571.37 3453.76 0.16544
4 323.08 7132.19 572.47 4493.81 0.12739
5 309.69 6965.44 559.08 3713.18 0.15057
6 293.49 6763.62 542.88 3334.67 0.16280
7 362.34 7621.30 611.72 3774.71 0.16206
8 348.44 7448.19 597.83 3884.98 0.15388
9 342.12 7369.40 591.51 4407.03 0.13422
10 305.84 6917.47 555.23 4093.89 0.13562
11 392.03 7991.25 641.42 4457.33 0.14390
12 376.89 7802.56 626.27 4528.04 0.13831
Coll. 4014.76 87303.31 7007.42 47646.85 0.14707

Battery Size: 0 kWh

PV Size: 38.05 kWp

switching on was optimised or managed to reduce energy costs.
These appliances were the electric water heater, the washing
machine, the tumble dryer and the dishwasher. In this study, some
ideas were analysed. Firstly, the start time of the four appliances
for the twelve dwellings was optimised. Although these variables
should be optimised hourly, the number of variables for this prob-
lem would have been very high, four variables times 12 dwellings
times 365 days, totalling 17,520 variables. So, only 48 variables
were considered (four variables times 12 dwellings), and the start
time was assumed to be fixed every day.

On the other hand, two managing strategies were designed
based on two ideas. The first one was that renewable energy (PV)
supplies peak power in the middle of the day. Therefore, the start
times of the appliances were set in the central hours of the day
using a normal distribution whose average value was the hour
with maximum daily irradiance and a deviation, the maximum
deviation of the time-scheduling appliances.

The other managing strategy was based on the hourly electric-
ity prices, so the appliances were placed in time in the slots when
electricity prices were lower, that is, in valley periods. Fig. 7 shows
the distribution of the start times of the appliances for the three
cases analysed. Fig. 7a shows the one-year times for the four
household appliances over 365 days, distributed according to the
maximum irradiance of each day. In Fig. 7b, the distribution is in
intervals where prices are lowest during the day. Fig. 7c comprises
only 48 times a day for the 12 dwellings, and it is observed that the
optimisation is closer to the distribution of prices than the irradi-
ance distribution.

Table 15 shows a summary of the three options for the schedul-
ing of household appliances. The results obtained in the previous
sections have been added to this table to provide a complete com-
parison. In particular, the results of the installation without self-

consumption (Tables 7 and 8) and sizing optimisation (Tables 10,
11 and 12) have been added.

From a simple inspection of Table 15, the COE values obtained
for the different studies (sizing, sizing plus programming, and siz-
ing plus management using irradiance and energy prices) are very
similar. These values present a standard deviation of 0.0073 and
0.0015 in the case of individual self-consumption without and with
surpluses, respectively. And 0.0048 and 0.0011 standard deviations
for the collective self-consumption, respectively, without and with
surpluses. Note that the similarity in self-consumption with sur-
pluses is even more significant. Given these results, a plausible
explanation is that household appliances are scheduled within
the PV generation window, i.e. during the daytime use period. In
these circumstances, the range of solutions is scattered, and the
results are similar.

However, an interesting result is produced in managing house-
hold appliances using hourly energy prices for self-consumption
without surpluses in an individual house. A better COE is obtained
for an installation without a battery and PV panel. That is, optimis-
ing only the appliances is better than installation with self-
consumption.

4.4. Collective sharing of the renewable energy generated

In order to calculate the electricity bill for each household, it is
necessary to divide the renewable energy generated by the instal-
lation among the different participants. Annex I of Royal Decree
144/2019 [20] establishes the sharing of the net hourly energy gen-
erated individually for each participant in collective self-
consumption. This energy is shared out through sharing coeffi-
cients (f;). The weight of these coefficients may be any, provided
that all the consumers agree and that the summation of the coeffi-
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Fig. 7. Appliances start time distribution. a) Irradiance strategy b) PVPC strategy and c) Scheduling optimisation.
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Table 15
Total results for individual and collective dwellings (whole year model).
Self-consumption modality Type of optimisation ~ Annual bill NPC (€) Ann. Cost  Energy COE (€/ Battery PV Size
Dwellings (€) (€) (kWh) kWh) Size (kWp)
(kwh)
Individual ~Without Not applicable 1595.62 19879.37 1595.62 4361.95 0.36580 - -
self-consumption
Self-consumption without surplus Sizing 1172.86 19368.67 1554.63 4361.95 0.35641 0.00 2.08
Sizing plus 1114.88 18458.95 1481.61 4361.95 0.33967 0.00 1.88
Scheduling
Sizing plus managing 1142.89 18996.41 1524.75 4360.46 0.34968 0.00 2.08
(Irrad.)
Sizing plus managing  1542.02 19211.59 1542.02 4361.94 0.35352 0.00 0.00
(Price)
Self-consumption with surplus under Sizing 416.13 12023.70  965.08 4361.95 0.22125 0.00 4.39
compensation Sizing plus 414.03 11834.27  949.88 4361.95 0.21776 0.00 4.20
Scheduling
Sizing plus managing  416.61 11935.65  958.02 4360.46 0.21971 0.00 4.28
(Irrad.)
Sizing plus managing ~ 411.85 11884.16  953.88 4361.94 0.21868 0.00 4.29
(Price)
Collective ~ Without Not applicable 1461.93 18213.79 1461.93 3953.07 0.36982 - -
self-consumption
Self-consumption without surplus Sizing 1079.72 15389.67 1235.26 3953.07 0.31248 0.00 22.53
Sizing plus 1085.13 15405.77 1236.55 3953.07 0.31281 0.00 21.85
Scheduling
Sizing plus managing  1050.44 15019.33  1205.53 3952.63 0.30499 0.00 22.46
(Irrad.)
Sizing plus managing 1118.94 15578.72  1250.43 3953.06 0.31632 0.00 18.56
(Price)
Self-consumption with surplus under Sizing 412.86 8816.47 707.66 3953.07 0.17901 0.00 45.56
compensation Sizing plus 406.87 8747.12 702.09 3953.04 0.17761 0.00 45.62
Scheduling
Sizing plus managing ~ 413.22 8752.81 702.55 3952.63 0.17774 0.00 44.65
(Irrad.)
Sizing plus managing  408.48 8688.89  697.42 3953.06 0.17642 0.00 44.59
(Price)

cients is the number of participants. In any case, these coefficients
must have fixed values for all the hours of a billing period. The
sharing is carried out according to (20), where Eg is the total energy
generated by the installation, Eg; is the generated energy assigned
to each dwelling, ; is the sharing coefficient and n is the number of
dwellings.

E¢i = %EG (20)

In its fifth additional provision, Royal Decree 144/2019 [20]
made provision for the subsequent modification of Annex I to
implement dynamic distribution coefficients for collective self-
consumption. Subsequently, Order TED/1247/2021 [29], amended
Royal Decree 144/2019 and incorporated the possibility of using
variable distribution coefficients in collective self-consumption.
These coefficients must be provided in advance ex-ante and for
one year. Regarding the possibility of applying dynamic coeffi-
cients ex-post, the Order postponed its application for future anal-
ysis to allow gradual progress towards a more dynamic self-
consumption. The main difference between ex-ante and ex-post
coefficients is the way these coefficients are taken into account
to elaborate the electricity bill. Ex-ante means that the sharing
coefficients are sent to the commercial company before the billing
period, while ex-post means that these coefficients can be sent
after the billing period, or calculated dynamically and based on,
for instance, the dwelling energy demand.

In this paper, the authors evaluated the study of sharing coeffi-
cients for collective self-consumption, first fixed and ex-ante, then
dynamic ex-post. The optimisation comprised the sharing coeffi-
cients and using the COE as the objective function. The study used
the whole-year model and applied it to the two modalities of self-
consumption. Regarding the size of the PV, the sizing optimisation
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results from Section 4.2 was used. Regarding the calculation of
the ex-ante sharing coefficients, considering that the consumption
of each dwelling predominantly affects the COE, and as this is
not known a priori, the ex-ante calculation is an unrealistic propo-
sition. Nevertheless, this ex-ante information was used as a possi-
ble estimate to analyse the solution reached.

Columns 2 and 3 of Table 16 show the results for the two self-
consumption modalities, without surpluses and with compensa-
tion of the surpluses fed into the grid, respectively. The sharing
coefficients obtained in both cases are similar. They are also similar
to the distribution coefficients calculated using a distribution pro-
portional to the energy demanded by each dwelling (column 3 of
Table 16). Table 17 shows the results corresponding to the cost
of energy (COE) in the two self-consumption modalities, consider-
ing the flat, optimal and energy-demanded apportionments. These

Table 16

Sharing coefficients.
Sharing Optimal Demand

Without surpluses With surpluses

I 1.1274 1.1097 1.1131
By 0.7756 0.7598 0.7773
B3 0.8704 0.8739 0.8700
Ba 1.1436 1.1510 1.1320
Bs 0.9301 0.9372 0.9341
B 0.8327 0.8451 0.8410
B 0.9532 0.9372 0.9547
Bs 0.9783 0.9754 0.9749
Po 1.1104 1.1085 1.1121
Bio 1.0143 1.0304 1.0288
B 1.1402 1.1287 1.1220
Bz 1.1238 1.1432 1.1400
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Table 17
COE for different sharing coefficients (€/kWh).
Self-consumption Sharing
Flat Optimal Demand
Without surpluses 0.312480 0.312145 0.312147
With surpluses 0.179014 0.177848 0.177849
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Fig. 8. Hourly sharing coefficients.

results indicate that optimal distribution improves by 0.11 % and
0.65 % for the self-consumption modalities without and with sur-
pluses, respectively. On the other hand, and more importantly, a
distribution proportional to the consumption of each dwelling pro-
duces results that are very close to the optimum.

Considering these acceptable results obtained by the pro-rata
sharing based on the energy demanded, a new analysis of the
two self-consumption modalities using a whole-year model was
accomplished. In both cases, the energy cost was calculated for
one year, obtaining 8760 coefficients for each dwelling. These cal-
culations were performed ex-post, once the hourly consumption of
each household was known and in the billing period of one month.
The results obtained offer COEs of 0.309394 €/kWh and 0.1777603
€/kWh, reducing 0.98 % and 0.86 % for the modalities without and
with surpluses, respectively. Fig. 8 shows the sharing coefficients
for the dynamic case (one house). Note that, due to the higher
demand variability in a day, these coefficients can reach values
from O to 3.4.

In view of the results obtained, it would only be advisable to
carry out a dynamic hourly sharing according to consumption.
Nevertheless, dynamic distribution is not currently permitted by
Spanish regulations, as established by Order TED/1247/2021 [29].

5. Conclusions

Currently, in Spain, the situation of high prices in the cost of
energy makes the use of self-consumption, both individual and col-
lective, profitable. The two most important conclusions drawn
from the study are that a self-consumption installation with sur-
pluses under the simplified compensation mechanism is much
more profitable than self-consumption without surpluses. Sec-
ondly, a collective installation is more profitable than an individual
one, regardless of the type of self-consumption modality.

Regarding the two models used in the paper, it is concluded that
the average day model is unsuitable for self-consumption. The
evaluation of billing with household loads with different daily pat-
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terns and the monthly compensation mechanism causes the
results to differ substantially from those obtained by the whole-
year model. The results obtained in the case of the average day
model overestimate the profitability (COE) and the installation siz-
ing. In the context of sizing optimisation, using a battery for energy
storage is not cost-effective in grid-connected systems.

Concerning the scheduling of household appliances, the two
online proposed strategies offer similar results to schedule optimi-
sation. In the irradiance-based scheduling, it was foreseeable as the
PV generation window is located within the hours of use of the
domestic loads. The consumption at the beginning and the end of
the day could make the load scheduling during these hours prof-
itable. However, for many months the energy generated is higher
than the energy demanded, which mitigates the effect of schedul-
ing the domestic loads. Similar conclusions are achieved when
scheduling using the prices. In addition, the results fetched do
not support a significant benefit in grid-connected systems with
solar PV renewable energy, concluding that scheduling household
appliances in self-consumption modalities in grid-connected sys-
tems is neither favourable nor promising.

From the results obtained when allocating the total energy gen-
erated by the installation among the participants, it can be con-
cluded that an ex-ante allocation is a situation of considerable
uncertainty, as there is no prior information to ensure a profit. It
is therefore not advisable, unless it is done on a historical basis.
If the allocation of sharing were dynamic and ex-post, it can be
argued that it could be optimised. However, such a problem would
be computationally costly, given the number of variables involved
and the economic cost of implementing it, which would be passed
on in billing.

Finally, regarding the simplified compensation mechanism
established in Royal Decree 144/2019 [20], the authors consider
that the regulation might create a mechanism to compensate for
the extra energy delivered to the grid in case of a negative monthly
energy balance. This excess is more than twice the imported
energy. Note that, generally, the demand is higher in winter than
in summer; on the contrary, in summer, PV production is more sig-
nificant than in winter. As the size of the PV system is fixed and
optimised for a year, a large amount of energy will be exported
in summer and fed back into the distribution system.
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