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Abstract: In recent years, solar price drops and regulations have helped residential users to invest
in grid-connected photovoltaic (PV) facilities. In Spain, a novel law promotes self-consumption by
discounting electricity fed into the grid from the utility bill. However, the performance of PV-based
facilities depends on diverse factors. The contribution of this paper is to evaluate the techno-economic
performance of such installations for different considerations linked to the Spanish law. A simulation
model is used to examine different representative cities, load profiles and alternative objectives:
maximising profitability and self-sufficiency. For profit maximisation, results show that load profile
variations entail PV size changes up to 5 kWp for the same location, together with huge economic
and self-sufficiency differences. In contrast, the solar radiation and compensation rate have a more
limited influence. For self-sufficiency maximisation, the economic performance drops close to EUR
0, as benefits are used to double the PV size, buy batteries and reach close to 70% self-sufficiency.
Finally, a sensitivity analysis shows a limited impact of the utility tariff and the technology cost on
the PV size, but a relevant influence on the benefits. These results can help investors and families to
quantify the risks and benefits of domestic self-consumption facilities.

Keywords: residential solar photovoltaic; self-consumption; battery storage; self-sufficiency;
techno-economic analysis; Spain

1. Introduction

The challenge of climate change has led the European Union to a steadfast commitment
towards a new energy strategy based on a more secure, sustainable and low-carbon
economy. This includes the target of reaching at least a 27% share of renewable energy
by 2030 and a 40% reduction in greenhouse gases by 2050 [1,2]. In order to achieve such
goals, private investment on infrastructure and low-carbon technologies will play a key
role. Among the existing technologies, solar photovoltaic (PV) is expected to make a
substantial contribution given its potential in many regions, the environmental benefits
and the economic profitability [3,4]. After years of massive deployment, PV is achieving
economic competitiveness with other generation sources in many countries and market
segments [5–7].

At the residential sector, the cost of PV electricity competes with national grid prices
rather than with the generation cost of other sources. Grid electricity is typically more
expensive for residential customers, since it includes transmission and distribution costs,
as well as taxes, margins and other charges. In contrast, households having a PV system
can directly consume their own electricity free of charge. The excess, if any, can be fed
into the grid, while the default can be bought from the grid; under a producer–consumer
scheme commonly known as “prosumer” [8]. Hence, when PV electricity is lower than
grid prices, utility bills are reduced, and prosumers become profitable.

However, the mismatch between generation and consumption brings the need to inject
to the grid a significant part of the PV electricity and only a limited part of the generation
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can be self-consumed [9]. The addition of a battery storage enables a higher flexibility for
the purchase and sale of electricity, so it can increase self-consumption (share of locally
generated electricity that is consumed in-house) and self-sufficiency (share of demand
supplied by the domestic PV system) [10]. Considering the downward trend in the cost of
batteries [11], battery storage along with PV systems emerges as an attractive option for
prosumers [12,13].

In addition, although the expected financial benefit of residential PV systems is
usually a core determinant [14], research has shown that non-financial benefits such as
the aspiration of energy self-sufficiency is also a crucial driver for the investment on
domestic renewable facilities [15,16]. Therefore, it is important to recognise both economic
and environmental benefits as important, in order to align with the current investment
motivations [17].

Over the last few decades, residential PV generation for self-consumption has been
promoted by governments through incentives and support schemes [18]. Such schemes are
intended to foster the integration of PV into the electricity market and generally favour
the exploitation of energy storage systems [19]. As a result, there is an increasing interest
in the support of PV and battery storage integration through regulation mechanisms [20].
Additionally, with the steady increase in grid prices [21], there is a growing interest among
residential PV system owners to increase self-consumption and self-sufficiency [22]. In
Spain, transition efforts have been geared by the self-consumption regulation issued in
April 2019 [23]. The law differentiates two types of prosumers [24]:

• Prosumers with facilities up to 100 kW can adopt a net billing mechanism to discount
the PV energy injected to the grid from the monthly bill, at a compensation rate of
around 30% of the retail price. This value can be an hourly or fixed rate, depending
on the contract. In addition, the discount cannot exceed the monthly bill.

• Alternatively, prosumers can inject the excess PV production to the grid at a wholesale
price, discounting taxes and the grid access charge, as any other retailer.

Although the net billing mechanism is promising to increase PV penetration at the
residential sector, the techno-economic impacts in the coming years remain unknown, as
they significantly depend on different conditions: the solar irradiation, the load profile, the
battery storage, the technology costs and the grid sell/buy prices, among others. Therefore,
these factors have to be examined.

1.1. Literature Review

The literature provides a limited understanding of the effects of self-consumption
regulation on the economics of PV-battery systems. For instance, many authors have
analysed different drivers for achieving grid parity of PV systems; i.e., when PV costs
become cheaper than grid prices [25–28]. Techno-economic factors such as PV costs, grid
prices and facilities location have been examined, but also policy frameworks including
feed-in tariffs and other relevant regulations. Regarding battery storage, Hoppmann
et al. [29] and Vieira et al. [11] explore the impact of battery costs and grid price variations
on the profitability of PV–battery systems at a single location. Nyholm et al. [30] focus on the
technical issues of self-consumption in PV–battery systems. Khalilpour and Vasallo [31,32]
carry out detailed analyses of PV–battery facilities for self-consumption in Australia. They
include factors such as PV and battery sizes, the feed-in tariff, the costs of technologies
and the geographical location. Green and Staffell [8] concentrate on the British market and
its feed-in tariff regulation; while Kaschub et al. [33] focus on Germany and instead of a
feed-in tariff they consider a market-based earning over the planning horizon. However,
the above works do not examine the influence of load profiles on PV–battery profitability
and neither do they carry out sensitivity analyses of input parameters.

Some authors have analysed the influence of the load profile on the profitability
of battery supported PV systems. For instance, Barbour and González [34] analyse the
profitability of household PV–battery systems in different regions of the USA. For this
purpose, they consider different pricing schemes as well as real demand and generation
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data. They find that PV is already economically feasible, while batteries are not, despite
the fact that they can increase self-sufficiency. Fares and Webber [35] quantify how energy
storage can reduce dependence on the utility grid in Texas (USA). Linssen et al. [9] develop
a cost optimisation model for sizing PV–battery systems, showing how results are highly
sensitive to the load profile and the regulation framework. On their behalf, Beck et al. [36]
develop an optimisation model for the operation and investment of residential facilities,
examining different feed-in tariff schemes. Bertsch et al. [37] propose a simulation model
for the analysis of PV–battery systems’ profitability in Germany and Ireland. The results
compare the performance in both countries and examine how the demand can partially
become independent from the grid. Finally, O’Shaughnessy et al. [38] examine how the
load control can impact on the economic performance of PV–battery systems, using the
REopt (Renewable Energy Integration and Optimization) model.

In recent years, the analysis of profitability under low compensation rates or in the
absence of subsidies has been examined: in the Italian residential sector [39] or comparing
Germany, Switzerland and Austria [5]. However, less attention has been paid to the
impact of low compensation rates on both the value and sizing of PV–battery systems. In
Spain, there are profitability assessments that study the impact of the current regulation
on self-consumption in residential buildings [24,40] (see Table 1). These studies analyse
the profitability of a representative Spanish house under average conditions, maximising
an economic objective (the net present value or the internal rate of return). Yet, while they
offer a valuable perspective of self-consumption PV installations, they do not consider
battery storage and solely focus on financial objectives (Table 1).

Table 1. Grid-connected photovoltaic (PV) economic studies under current self-consumption Spanish regulation. NPV: net
present value; IRR: internal rate of return; SELF: self-sufficiency.

Study Technologies Approach Objective Geographic Conditions
Technical Assumptions

Load Profile Capacity

Roldán et al.
[40] PV

Compare a
representative house
purchasing electricity
from the grid with a
PV self-consumption

system

Max NPV Average values
Aggregated
profile from

Spanish Operator

6 PV sizes: 1 to
3.5 kWp

Prol and
Steininger

[24]
PV

Analyse the new
regulation on

residential,
commercial and

industrial prosumers

Max IRR Range of variability Standard profile No limit

This paper PV, battery

Analyse
techno-economic
performance of

PV–battery systems

Max NPV
and Max

SELF

5 representative cities:
Barcelona, Bilbao, Madrid,

Santiago, and Seville

5 real-based
profiles

10 PV sizes: 1 to
10 kWp 10 battery
sizes: 1 to 10 kWh

1.2. Contribution and Paper Structure

This paper proposes a techno-economic analysis of residential PV–battery facilities
under the Spanish regulation. For this purpose, a simulation model is developed. As
input data, the characteristics of PV–battery equipment and the location studied are taken
into account. As output, the model obtains the system size, the economic profitability
and the self-sufficiency. A computational experiment is carried out and a multi-scenario
analysis is performed with data from five cities, representing different geographical and
meteorological characteristics of the Spanish territory, as well as five load profiles, showing
different typologies of Spanish families. In addition, a sensitivity analysis is carried out
for parameters such as the compensation rate, the grid price and the cost of technology. In
order to align with both economic and environmental investment motivations, the analysis
is performed for two alternative objectives: (i) maximising the net present value and, (ii)
maximising the self-sufficiency with no extra cost. Results show that, when the maximum
profitability is sought, the cost-effectiveness of PV-based facilities widely depends on the
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load profile and, in a lesser amount, the city location and the compensation rate. When
the maximum self-sufficiency is sought, economic benefits are used to purchase additional
panels and batteries in order to become more independent from the grid, although remain-
ing far from total independence. Finally, the sensitivity analysis shows a limited impact of
the grid tariff and the technology cost on the size of PV systems, but a relevant influence on
the economic performance. Both the results obtained, and the simulation model developed
can be helpful for investors and families, in order to quantify the risks and benefits when
implementing domestic self-consumption facilities.

The remainder of the paper is structured as follows. In Section 2, the simulation model
is described, including the techno-economic characteristics considered. In Section 3, the
computational experiment is carried out to test different load profiles at different Spanish
cities. In Section 4, the results are examined, and a sensitivity analysis is carried out to
improve the robustness of the analysis. Finally, in Section 5, the main conclusions are
summarised.

2. Simulation Model

In this section, the proposed simulation model is described. First, an overall per-
spective of the model is provided (Section 2.1). Then, the system is technically described
(Section 2.2) and the control strategy for electricity management is defined (Section 2.3).
Finally, the economic analysis performed is detailed (Section 2.4).

2.1. Overall Perspective

In order to analyse the techno-economic performance of PV–battery residential facilities,
a simulation model is developed based on previous works [41]. As input data, the model
considers the household characteristics, including the solar radiation and the load profile,
as well as techno-economic details about the equipment to be installed, the utility grid tariff
and global indicators such as the interest rate and the technology devaluation. The complete
list of input data is detailed in Section 3. With this information, the model carries out an
hourly analysis of the operation of the PV–battery system over the entire project lifetime.
More specifically, given an instance (i.e., a specific set of input data), the model iteratively
tests all the combinations of PV and battery size, within the set of values defined. For each
PV–battery combination, the functioning of the system during the whole lifetime is simulated,
taking into account the equipment (Section 2.2) and the control strategy (Section 2.3), as well
as estimating the yearly savings and costs (Section 2.4). In short, for each 1 h time slot, the best
option to cover the electricity demand of the household is examined, considering, as the main
resource to improve self-sufficiency, the PV production according to the solar radiation at that
moment, the state of charge of the battery bank and the utility grid. Economically, the yearly
savings of electricity from the grid, the saving in the utility bill from the PV electricity injected
to the grid, and the costs of equipment (investment, maintenance and renewals) are estimated.
As output, the most suitable PV–battery combination is returned both in terms of profitability
and self-sufficiency maximisation. The results include details of economic indicators, such as
the net present value, and technical indicators, such as the self-sufficiency percentage and the
hourly performance. The simulation model inputs and outputs are illustrated in Figure 1.
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2.2. Technical Description

The proposed PV–battery system considers the supply of electricity from PV panels
and the utility grid (Figure 2). On the one hand, PV modules transform solar radiation
into electricity at direct current (DC). Polycrystalline or monocrystalline silicon panels
can be considered by adjusting the corresponding input data of the model. However, the
former option is here considered because of their lower cost, more appropriate for domestic
applications. Additionally, a maximum power point tracking could be also included, but it
would raise the cost and technical complexity, making it less suitable for residential users.
Then, an inverter is installed in order to transform the DC, leaving panels into alternating
current (AC), which is used for most electrical appliances. These devices are a cost-effective
alternative for domestic facilities. Batteries can be optionally installed to store the excess
electricity from PV panels and supply it when the demand is not fully covered by the solar
resource (please refer to Section 2.3 for the detailed management of these devices). In this
case, a charge controller coupled to the inverter is needed to properly manage the charge
and discharge of the battery bank, avoiding overcharges and deep discharges that could
damage the lifespan. Different battery technologies exist, each one having a different depth
of discharge and expected lifetime. Again, different options could be taken into account
in the model by adjusting the corresponding input data. In this work, lead acid batteries
are considered given their affordable cost and proper performance. On the other hand,
electricity can be supplied directly from the utility grid, at night-time or in cloudy days
without solar generation. The whole system is assumed so as the PV–battery equipment is
coupled to the utility grid.
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Figure 2. Scheme of a grid-connected domestic PV–battery system.

2.3. Control Strategy

Figure 3 illustrates the control strategy for the studied system. The simulation model
makes an hourly analysis of the system which is iteratively repeated over each year of the
project lifetime. At each hour, the way electricity is supplied to the household is examined,
so as demand never remains unmet. Hence, if the demand can be fully met by solar
electricity, this resource is prioritised in order to take as much advantage as possible from
PV panels. The excess electricity is stored in the battery bank to be used later, logically
if such devices are included. Otherwise, or if the battery bank is full (state of charge,
SOC = 100%), the excess electricity is supplied to the grid. Recent changes in the Spanish
law establish that such electricity transfer is returned to the consumer as a discount in the
monthly utility bill, at a percentage of the purchase tariff [23].
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On the other hand, at some hours the electricity from PV panels may not be enough to
cover the demand. In this case, the lack is supplied from the battery bank if such devices
are charged. When the battery backup is fully discharged (SOC < SOCMIN), electricity is
consumed from the utility grid, thus incurring in a purchase tariff. This cost can be constant
or variable, depending on the contract considered for the studied household. The utility
grid can be conceived as an unlimited source of electricity, being available at any moment
so as the demand is always satisfied.

It must be noted that the battery bank is the most critical issue in domestic PV facil-
ities [42]. Consequently, the control strategy aims to protect this device from overloads
and deep discharges to enlarge its lifetime, respecting charge and discharge factors defined
by manufacturers, even if this is detrimental for the techno-economic performance of the
system.

2.4. Economic Analysis

The proposed simulation model provides as output, among other elements, the eco-
nomic performance of the PV–battery system. This indicator considers the yearly cash
flows estimated over the project lifetime, taking into account different aspects. The overall
cash flow (CF) Formula (1) and its elements are detailed next.

CF = ISAV + IRED − CINV − CMNT − CRPL + ISVG (1)

It must be noted that the interannual variability of savings and costs is significantly
different. Most savings are obtained all over the project lifetime, while most costs occur at
specific moments, and particularly the initial investment and the renewal of equipment.
This situation could discourage potential residential adopters of PV–battery systems. How-
ever, this factor is assumed as not having any significant influence on the examination of
how the Spanish regulation changes can impact on the performance of PV–battery systems.

ISAV represents the saving by the use of PV electricity instead of consuming from the
grid. Under the framework of investment analysis, savings can be conceived as incomes.
Each year, part of the electricity that would be consumed from the grid, in case of never
installing a PV system, is directly supplied from PV panels at zero cost. Consequently, the
sum of yearly savings (Iy

SAV) over the project lifetime (L) is considered. This cost must
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be updated to the present value (year 0), taking into account the yearly electricity price
increase (e) and interest rate (i), as shown in (2).

ISAV =
L

∑
y=1

ISAV
y

(
1 + e
1 + i

)y
(2)

IRED represents the reduction in the utility bill by selling the excess PV electricity to
the grid. According to Spanish law, the minimum value between the monthly consumption
and sale to the grid is considered, applying a percentage factor on the electricity price.
This factor does not allow a net payment, but a null bill in the most beneficial case for the
user, and was defined to avoid abuses that could be detrimental for the entire electricity
market. As before, the monthly utility bill savings over each year (Iym

RED) are updated to
the present value (3).

IRED =
L

∑
y=1

12

∑
m=1

IRED
ym

(
1 + e
1 + i

)y
(3)

CINV represents the investment at the project beginning in all the equipment installed,
as well as the installation and launching costs. This value is not updated as it only occurs
in year 0, which is taken as reference for the economic analysis.

CMNT represents the maintenance cost over the project lifetime to ensure the appropri-
ate operation of the system, generally estimated as a percentage of the investment value.
This cost occurs annually (Cy

MNT), so it is updated to the present value, as with the annual
increase in maintenance (m) and the interest rate (4).

CMNT =
L

∑
y=1

CMNT
y

(
1 + m
1 + i

)y
(4)

CRPL represents the replacement cost of equipment when their lifetime is accomplished.
Unlike maintenance, which can be properly approximated, the substitution depends on
the expected lifetime of equipment, but if they finally remain working more or less time
than predicted, some deviations will logically appear. The calculation is similar to the
maintenance but considering the expected decrease in technology prices (d) (5).

CRPL =
L

∑
y=1

CRPL
y

(
1 − d
1 + i

)y
(5)

ISVG represents the salvage value of equipment that can still be used at the end of
the project lifetime, either to be sold or for a future project. This value is also updated,
although not as a sum but a unique income happening at year L (6).

ISVG = ISVG
L

(
1 − d
1 + i

)L
(6)

3. Computational Experiment

As explained in the introduction, this paper examines the techno-economic perfor-
mance of PV–battery systems under the Spanish net billing scheme for excess electricity
delivered to the grid. For this purpose, five Spanish cities and five real-based load profiles
are studied. The five cities have been selected as representatives of the different climate
conditions existing in the Spanish territory, all of them being regional capitals:

• Barcelona: North-Mediterranean climate (scarce rains and soft temperatures).
• Bilbao: Mid-Atlantic climate (abundant rains and soft temperatures).
• Madrid: Continental (scarce rains and extreme temperatures).
• Santiago de Compostela: Atlantic climate (abundant rains and cold temperatures).
• Seville: South-Mediterranean climate (scarce rains and high temperatures).
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For each city, the climate conditions and, in particular, the solar radiation are deter-
mined from the PVGIS (Photovoltaic Geographical Information System) database [43],
which collects worldwide hourly data. Regarding the profiles, different hypotheses in
terms of characteristics, number and customs of inhabitants are considered. To obtain them,
the Load Profile Generator software is used [44]. Table 2 shows, for each profile (from 1 to
5), the software code, the household members and the percentage of electricity consumed
at daytime hours.

Table 2. Load profiles (LPs) considered for the computational experiment.

LP No. Code Members Daytime

1 Profile 01 Couple both at work 52.9%
2 Profile 05 Family, 3 children, both with work 53.6%
3 Profile 15 Working couple, 2 children, 2 seniors 67.6%
4 Profile 23 Single man over 65 years 66.2%
5 Profile 63 Retired couple, no work 68.7%

In addition, several values are taken into account regarding different parameters that
can have an influence on the techno-economic performance of the PV–battery facilities:

• Utility grid price. Two options are considered: a constant tariff at 0.1255 EUR/kWh
and a day–night tariff 0.08 EUR/kWh from 22 pm to 12 am and 0.16 EUR/kWh from
12 am to 22 pm. A −20%, −10%, +10% and +20% variation with regard to the original
values is taken into account.

• Compensation rate. The value established by the Spanish law is around 0.05 EUR/kWh,
so the following values are considered: 0.00, 0.05 and 0.10 EUR/kWh.

• Solar PV capacity: from 1 to 10 kWp with increases of 1 kWp, which are standard
values for domestic facilities [9].

• Battery bank capacity: from 0 to 10 kWh of useful capacity with increases of 1 kWh,
which are standard values for domestic facilities [9]. Note that these values are useful
capacity, taking into account real batteries would be larger, as generally there are
depth of discharge limits defined by manufacturers.

• Technology price. The normal costs for PV panels and batteries are 300 EUR/kWp and
1000 EUR/kWh (useful), respectively. These values were defined from commercial
catalogues and, in order to include expected variations in the market, −20%, −10%,
+10% and +20% over the original values are considered.

Finally, the following data related to the equipment and facilities to be installed are
taken into account, which have been determined considering commercial values:

• Project lifetime: 20 years.
• Annual increase in the electricity price: 2%
• Annual diminution in the technology price: 2%
• Annual increase in the maintenance cost: 1%.
• Annual interest rate: 5%.
• Installation and launching cost of the system: EUR 1000.
• Global efficiency of the system, including the shadow factor and real power: 80%.
• Annual solar PV panels capacity degradation: 0.5%.
• Annual maintenance cost of PV panels: 1% of the panel price.
• Expected solar PV panels lifetime: 20 years.
• Maximum battery charge factor: 50% of the battery bank capacity per hour.
• Maximum battery discharge factor: 10% of the battery bank capacity per hour.
• Annual battery bank capacity degradation: 0.5%.
• Annual maintenance cost of the batteries: 2% of the battery bank price.
• Expected battery bank lifetime: 8 years.
• Inverter price: EUR 200 per PV kWp installed.
• Expected inverter lifetime: 10 years.
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With the above values, a computation experiment is carried out and results are
analysed in next section. First, 75 instances are solved taking into account the five cities, the
five load profiles and the three options in the compensation rate for excess PV electricity.
For each instance, all the combinations of PV and battery sizes are tested, and the results are
examined from the perspective of maximising profitability (Section 4.1) and self-sufficiency
(Section 4.2). Then, a sensitivity analysis of the results is performed, considering the two
options in the typology of the grid tariff, the five utility grid price values and the five
technology price values (Section 4.3).

4. Results Analysis and Discussion

In this section, the results of the computational experiment are examined under
two assumptions: maximum profitability (Section 4.1) and maximum self-sufficiency
(Section 4.2). The former aims to identify the best situation in economic terms, while the
latter focusses on the higher degree of independence from the grid without economic
losses. Finally, a sensitivity analysis of different input parameters is carried out in order
to determine their influence on the system techno-economic performance (Section 4.3).
Through this whole analysis, most of the parameters of the model that are expected to have
an influence on the results are examined.

4.1. Maximum Profitability Objective

Table 3 summarises the results when the maximum profitability assumption is consid-
ered. By columns, the panels size (PV), the net present value (NPV) and the self-sufficiency
percentage (SELF) are shown for each city. By rows, results are classified according to the
load profile considered and the compensation rate. It must be noted that for each solution,
all the studied PV and battery sizes are tested and the one achieving the higher NPV is
returned. Under this assumption, results do not include batteries in any case since these
devices are still too expensive for residential facilities. Additionally, when no solution is
shown it means that the highest NPV has a negative value, so it is economically better not
to carry out the PV installation and remain connected to the grid.

Table 3. Results of the computational experiment assuming profitability maximisation. CR: compensation rate.

Barcelona Bilbao Madrid Santiago Seville

CR
(EUR/kWh) LP PV

(kW)
NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

0.00

1 - - - - - - - - - - - - - - -
2 - - - - - - - - - - - - - - -
3 4 3220 47.8 4 1855 38.2 4 3140 47.2 4 2067 39.7 4 3309 48.4
4 - - - - - - - - - - - - - - -
5 - - - - - - - - - - - - - - -

0.05

1 2 1216 31.2 3 569 30.5 2 1178 31.1 3 693 32.0 2 1284 31.6
2 2 1227 31.6 3 486 30.3 2 1131 30.9 3 567 31.0 2 1235 31.1
3 5 5303 51.1 5 3590 41.9 5 5106 50.6 5 3851 43.4 5 5383 51.7
4 1 70 41.9 - - - 1 27 41.3 - - - 1 68 41.8
5 2 696 50.0 2 208 40.4 2 651 49.5 2 285 42.0 2 704 50.5

0.10

1 3 2799 36.5 3 2044 30.5 3 2713 36.5 3 2191 32.0 3 2797 37.1
2 3 2774 37.4 3 1866 30.3 3 2612 36.7 3 1982 31.0 3 2757 37.0
3 6 7586 53.3 6 5642 44.6 5 7238 50.6 6 5872 46.3 5 7630 51.7
4 1 639 41.9 1 229 34.7 1 568 41.3 1 271 35.2 1 637 41.8
5 2 1526 50.0 2 959 40.4 2 1451 49.5 2 1043 42.0 2 1514 50.5

As observed, when the compensation rate is 0.00 EUR/kWh, only load profile 3
reaches economic profitability, installing a 4 kW PV system at all the cities. Profile 3 is the
largest one in terms of inhabitants and, in addition, a significant part of consumption is
carried out at daytime hours as the two seniors spend long times at home daily. The higher
the radiation, the higher the self-sufficiency. Therefore, in sunny cities (Barcelona, Madrid
and Seville), percentages exceed 47%, especially in Seville; while in cloudy cities (Bilbao
and Santiago), percentages remain below 40%.
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When a 0.05 EUR/kWh compensation rate is considered, profitability is attained at
almost all cases, except for profile 4 (lowest consumption) in Bilbao and Santiago (cloudiest
cities). In the case of profile 3, a slightly higher PV system is installed (5 kW) than for
the 0.00 EUR/kWh compensation rate (4 kW) in all cities, so logically the self-sufficiency
increases. In contrast, the NPV for this profile almost doubles, since the compensation
rate allows one to take advantage of any excess electricity from PV panels not consumed.
On their behalf, the other profiles remain at between 1 and 3 kW of PV peak power,
since the total demand and the daytime consumption are lower, and the NPV values are
logically lower. In addition, note that the differences in the self-sufficiency between cities
are significantly higher for profiles 3 and 5 than profiles 1 and 2. This is due to the larger
daytime percentage the former profiles have, which causes a variation in solar radiation
to have a more significant impact on the independence of the system. Finally, when the
compensation rate is 0.10 EUR/kWh, solar PV facilities are economically viable for all
the cases. As before, although small differences in the size of the system, and so the
self-sufficiency, are observed, significant increases in the NPV are attained. In addition,
differences in the economic performance and self-sufficiency between cities are larger the
higher the daytime consumption percentage. Therefore, all these results prove that the
load profile has a huge influence on the systems profitability and self-sufficiency reached.

In order to better show the behaviour identified in Table 3, the results corresponding
to the cloudiest and sunniest cities, Bilbao and Seville, are graphically represented in
Figures 4 and 5, respectively. In particular, the size of the system (in columns) and the
economic profitability (in lines) are shown for the five load profiles and three options of
compensation rate. Note that the scale of both figures is the same to better reflect the
differences between cities, which is particularly relevant for the NPV.
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As observed, the compensation rate has a limited influence on the size of the PV
installation, not varying or just adding 1 kW when the tariff increases by 0.05 EUR/kWh. In
contrast, large differences in the NPV are achieved, especially the higher the consumption.
Therefore, while differences in profile 4 are quite small, they are huger for profile 3. When
comparing the two cities, which have meaningfully different solar radiations, it can be seen
how very similar PV capacities are attained although the profitability significantly changes.
In short, when private users aim to implement domestic PV facilities, they should not only
be aware of the radiation at their emplacement, but also the typology of consumption.

4.2. Maximum Self-Sufficiency Objective

The maximum self-sufficiency shifts the concept from a maximum economic prof-
itability into a maximum independence from the grid without economic losses. Under this
assumption, PV systems should be infinitely large, in order to reach a 100% self-sufficiency
or a very close value. However, this would be too expensive, so in this section the system
that maximises the self-sufficiency among those reaching economic profitability (even
if it is close to zero) is taken into account. In other words, this situation examines how
independent a house can become from the grid while not losing money with regard to
purchasing all the electricity from the grid.

Table 4 shows the results obtained for this computational experiment. The table is
organised in a similar way to Table 3, but instead of the NPV which is now meaningless
and very close to zero, the battery size is shown. Although batteries are not economically
profitable as determined in the previous section, in some cases the energy stored can
raise the system self-sufficiency without attaining a negative NPV value. As before, the
solutions not completed represent cases where a negative NPV is attained for all the tested
combinations of PV and battery sizes, so there are always economic losses.

Table 4. Results of the computational experiment assuming self-sufficiency maximisation.

Barcelona Bilbao Madrid Santiago Seville

CR
(EUR/kWh) LP PV

(kW)
NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

PV
(kW)

NPV
(EUR)

SELF
(%)

0.00

1 - - - - - - - - - - - - - - -
2 - - - - - - - - - - - - - - -
3 8 1 60.7 9 0 50.1 8 1 60.4 10 0 53.0 9 1 62.6
4 - - - - - - - - - - - - - - -
5 - - - - - - - - - - - - - - -

0.05

1 5 0 41.8 4 0 33.9 5 0 42.0 4 0 35.6 5 0 42.7
2 5 0 42.3 4 0 33.7 5 0 42.0 4 0 34.6 5 0 42.5
3 9 2 65.8 10 1 56.0 9 2 65.6 10 1 57.5 9 2 66.7
4 1 0 41.9 - - - 1 0 41.3 - - - 1 0 41.8
5 3 0 55.6 2 0 40.4 3 0 55.3 2 0 42.0 3 0 56.2

0.10

1 4 1 49.8 7 0 39.6 4 1 49.9 4 1 45.2 4 1 50.7
2 4 1 50.1 7 0 39.2 4 1 49.5 7 0 40.5 4 1 50.1
3 9 3 69.3 10 2 59.7 9 3 69.0 10 2 61.3 9 3 70.3
4 2 0 52.3 2 0 45.0 2 0 51.4 2 0 45.1 2 0 51.6
5 4 0 58.5 4 0 50.3 4 0 58.3 4 0 52.3 4 0 59.2

As observed, significantly higher installations are achieved. For instance, for profile 3
and a 0.00 EUR/kWh compensation rate, from 8 to 10 kW peak power is installed instead of
the 4 kW that maximised the NPV, even including a 1 kWh battery capacity in some cases.
In exchange, more than a 10% raise in the self-sufficiency is obtained. A similar behaviour
occurs for the other load profiles and compensation rates. Concerning the batteries, a
larger capacity is installed at the sunniest cities (Barcelona, Madrid and Seville). Indeed, an
advantage from the additional radiation is that it can be used to store energy and consumed
at nights, hence making the self-sufficiency increase. In contrast, in the cloudiest cities
(Bilbao and Santiago), such an effect is more limited.

These results show how the behaviour of the influence of the load profile and the solar
radiation is similar when the maximum profitability and the maximum self-sufficiency
are sought. However, a relevant difference appears when examining the impact of the
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compensation rate. While for the maximum profitability, the tariff is recovered by the
end-user in order to maximise the economic performance, now the tariff is devoted to
buy additional generation and storage capacity in order to maximise the self-sufficiency.
Consequently, the compensation rate has a higher influence under this assumption on the
system to be implemented. In order to illustrate this conclusion, Figure 6 shows the PV and
battery capacity (in columns) as well as the self-sufficiency (in lines) for the compensation
rates 0.05 and 0.10 EUR/kWh.
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As it can be seen, in load profile 3, the higher compensation rate is used to increase the
size of the battery, maintaining the PV capacity. Indeed, above a certain PV size, advantage
from additional peak power cannot be used since part of the electricity is consumed at
night, so more batteries are installed while the system remains economically viable. In
profiles 1 and 2, a 1 kWh battery size is installed with a 0.10 EUR/kWh compensation rate,
although slightly reducing the size of generators. In contrast, for the load profiles 4 and
5, the extra compensation rate is spent on more PV capacity. This is because these two
profiles have a high daytime demand (above 66%) and a low consumption, so batteries are
particularly expensive with regard to the use that can be made of them.

4.3. Sensitivity Analysis

In order to complement the study, a sensitivity analysis is carried out. As explained
in Section 3, the computational experiment is performed using different values regarding
the utility grid and the technology price. Concerning the utility grid, two options are
considered in terms of the typology: a constant value is paid at any moment of the day and
a different value is paid at daytime (more expensive) and nights (cheaper). In addition, the
price of grid electricity is also examined from −20% to +20% with regard to the original
value; so, the two extreme cases are studied here. Finally, the technology price is also
analysed; particularly the −20% and +20% scenarios. It must be highlighted that the
above parameters are on the basis of other input data of the model (Section 3), so their
variation is indirectly examined. For instance, the technology cost allows one to analyse
variations in the costs of all the equipment (PV panels, batteries and inverters), either in
terms of investment/renewal and maintenance. Table 5 shows the results for the five load
profiles and the 0.05 and 0.10 EUR/kWh compensation rates. Each value is calculated as
the average for all the cities, and both the PV size and the net present value (NPV) are
detailed. Note that the results are determined for the maximum profitability.
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Table 5. Results of the sensitivity analysis regarding the grid and technology prices.

Load Profile

Constant Grid Price Day–Night Grid Price

0.05 0.10 0.05 0.10

PV (kW) NPV
(EUR) PV (kW) NPV

(EUR) PV (kW) NPV
(EUR) PV (kW) NPV

(EUR)

1 2 1178 3 2713 2 973 3 2487
2 2 1131 3 2612 2 876 3 2294
3 5 5106 5 7238 5 4474 5 6607
4 1 27 1 568 - - 1 457
5 2 651 2 1451 2 451 2 1251

Load Profile

Grid Price −20% Grid Price +20%

0.05 0.10 0.05 0.10

PV (kW) NPV
(EUR) PV (kW) NPV

(EUR) PV (kW) NPV
(EUR) PV (kW) NPV

(EUR)

1 2 766 3 2229 2 1591 3 3197
2 2 717 3 2121 3 1562 3 3103
3 5 3670 5 5802 5 6542 6 8734
4 - - 1 343 1 252 1 794
5 2 224 2 1024 2 1077 2 1877

Load Profile

Technology Cost −20% Technology Cost +20%

0.05 0.10 0.05 0.10

PV (kW) NPV
(EUR) PV (kW) NPV

(EUR) PV (kW) NPV
(EUR) PV (kW) NPV

(EUR)

1 2 1315 3 2917 2 1042 3 2508
2 3 1276 3 2817 2 994 3 2408
3 5 5447 6 7643 5 4765 5 6897
4 1 95 1 637 - - 1 500
5 2 787 2 1587 2 514 2 1314

Regarding the utility grid tariff typology (constant vs. day–night), the impact on the
system size is very limited, as no variations are observed except for profile 4, which is not
feasible in one case. In contrast, the impact on the economic profitability is significant.
When the same tariff is paid at any moment, higher NPV values are achieved, whatever
the compensation rate. According to Spanish law, the peak period ranges from 12 a.m.
to 22 p.m., when most of the consumption is concentrated. Hence, at night, when higher
savings can be obtained in a day–night scheme, a small part of electricity is consumed,
not taking advantage of such option. Moreover, as at most of this period there is no solar
radiation, electricity must be consumed through batteries, thus increasing the costs. Note
that the load profiles have been obtained from the Load Profile Generator software, without
looking at when it is preferable to consume, which is precisely the purpose for which the
day–night tariff was conceived.

About the tariff variations, the higher the grid price, the higher the NPV, since a larger
saving is obtained thanks to PV electricity. The influence on the size of the installation, in
contrast, remains limited. Finally, when the cost of technology (PV panels and batteries)
diminishes, logically, these systems become economically more efficient and the NPV
attained is higher. However, again, differences in the size of the system remain rather
irrelevant. In short, the sensitivity analysis allows one to conclude that variations in the
utility grid tariff and the technology have an influence on the economic performance of the
systems but not on the size of the systems to be implemented.
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5. Conclusions

In this paper, a simulation model has been proposed to assess the techno-economic
performance of residential PV–battery systems under the Spanish regulation (low com-
pensation rate). As input data, the model takes into account hourly details of the solar
radiation at the emplacement studied, the load profile and the utility grid tariff as well
as techno-economic data of the equipment. Internally, the model analyses many PV and
battery size combinations, according to the control strategy. As output, the economic
profitability (expressed as the net present value) and the technical performance (through
the self-sufficiency rate) are obtained. A computational experiment is carried out to analyse
five Spanish cities with different climate conditions and five representative load profiles. In
addition, a sensibility analysis of some of the input parameters, such as the compensation
rate, the utility grid typology and price and the technology costs is performed. The results
are examined from two different objectives: the maximum profitability, which is the most
common objective for most people; and the maximum self-sufficiency, which represents
users aiming to achieve independence from the grid at no extra cost.

When the maximum profitability is sought, results show that the cost-effectiveness
and configuration of PV self-consumption under the current Spanish regulation widely
depend on the load profile and, in a lesser amount, the city location and the compensation
rate. In this case, load profile variations entail significant changes in the PV size up to 5 kWp
for the same location, while the NPV exceeds a 10-time difference in some cases and more
than 10% divergences are observed for the self-sufficiency. In contrast, variations in the
city location (solar radiation) and the compensation rate have a more limited influence: no
or 1–2 kWp differences are observed in the PV size, the NPV doubles on average between
cases and the self-sufficiency varies around 5%. On the other hand, when the maximum
self-sufficiency is sought, any economic benefit is used to increase the system size and
achieve a higher independence from the grid. Hence, while the NPV drops close to EUR 0,
the PV size almost doubles with regard to the profit maximisation and the usage of small
batteries up to 3 kWh appears. In exchange, an average relative increase of 25% in the
self-sufficiency is obtained, achieving absolute values above 70%, which is still far from
total independence from the grid but is significant assuming no extra costs are allowed.
Finally, the sensitivity analysis carried out to examine the tariff typology, the grid price and
the technology cost shows that the impact of these factors on the PV size is very limited,
observing no changes or only 1 kWp differences. In contrast, their impact on the economic
performance is relevant: for the tariff typology and the technology cost, from EUR 200 to
700 differences; and for the grid price, from EUR 800 to 3000.

Both the results and the simulation model can assist project developers and residen-
tial users in making more informed decisions when implementing domestic PV–battery
systems. The recent change in Spanish law has definitely helped to promote such facilities,
as it can be deduced from the current growth of this sector. Indeed, this work shows how
domestic PV–battery facilities are currently a viable option in Spain, either if the objective
is to save costs or if it is to become independent from the grid. However, investments must
be carried out cautiously, as the techno-economic performance does not only depend on
solar radiation, but also the load profile, the cost of technology and the utility grid tariff,
among others.

The current compensation rate is enough to make the PV technology profitable for
the residential sector in almost all the territory and higher values would not necessarily
represent a significant increase in the independence from the grid. In addition, the NPV
values obtained for most profiles are not excessively high, assuming a 20-year horizon is
considered. Consequently, the massive deployment of such facilities is not expected in
the short term, which could cause a collapse of the whole system. In the long term, the
same tariff can be maintained, or even reduced, and PV–battery systems will still remain
profitable, especially if technology costs continue to drop. In this manner, energy transition
towards a more sustainable Spanish energy matrix can be promoted without a significant
impact on the country’s economy.
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The limitations and uncertainties of this study are: (1) although representative, only
five cities are considered; (2) the load profiles are obtained from a simulation generator; and
(3) the analysis is performed for the profit and self-sufficiency maximisation assumptions.
Therefore, as future research, additional cities could be considered, profiles gathered from
real households could be examined and novel strategies regarding the sizing of equipment
could be studied. Besides, the impact of variations in parameters such as the lifetime of
equipment could be also included. These analyses would allow to complement this work
and to improve the robustness of results.
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Abbreviations

Acronym Meaning Remark
PV Photovoltaic
NPV Net Present Value
IRR Internal Rate of Return
SELF Self-sufficiency
CR Compensation Rate
DC Direct Current
AC Alternating Current
SOC State of Charge
CF Overall project Cash Flow

ISAV Saving by consuming PV electricity Subindex y refers to an annual value
instead from the grid

IRED Utility bill reduction by Subindex y refers to an annual value
selling PV electricity to the grid Subindex m refers to a monthly value

CINV Investment at the project
beginning in all the equipment

CMNT Maintenance cost of equipment Subindex y refers to an annual value
over the project lifetime

CRPL Replacement cost of equipment when Subindex y refers to an annual valu
lifetime is accomplished

ISVG Salvage value of equipment
at the end of the project

L Project lifetime
e Yearly grid electricity price increase
i Project interest rate

m
Yearly increase in the maintenance
cost of equipment

d Expected yearly decrease in technology prices

References
1. EC. A Roadmap for Moving to a Low Carbon Economy in 2050; European Commission: Brussels, Belgium, 2011.
2. EC. Renewable Energy Prospects for the European Union; European Commission: Abu Dhabi, United Arab Emirates, 2018.
3. Peters, M.; Schmidt, T.S.; Wiederkehr, D.; Schneider, M. Shedding light on solar technologies–A techno-economic assessment and

its policy implications. Energy Policy 2011, 39, 6422–6439. [CrossRef]
4. Pietzcker, R.C.; Stetter, D.; Manger, S.; Luderer, G. Using the sun to decarbonize the power sector: The economic potential of

photovoltaics and concentrating solar power. Appl. Energy 2014, 135, 704–720. [CrossRef]

http://doi.org/10.1016/j.enpol.2011.07.045
http://doi.org/10.1016/j.apenergy.2014.08.011


Energies 2021, 14, 1987 16 of 17

5. 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]

6. Karneyeva, Y.; Wüstenhagen, R. Solar feed-in tariffs in a post-grid parity world: The role of risk, investor diversity and business
models. Energy Policy 2017, 106, 445–456. [CrossRef]

7. Kamran, M.; Fazal, M.R.; Mudassar, M.; Ahmed, S.R.; Adnan, M.; Abid, I.; Randhawa, F.J.S.; Shams, S. Solar photovoltaic grid
parity: A review of issues and challenges and status of different PV markets. Int. J. Renew. Energy Res. 2019, 9, 244–260.

8. Green, R.; Staffell, I. Prosumage and the British electricity market. Econ. Energy Environ. Policy 2017, 6, 33–49. [CrossRef]
9. Linssen, J.; Stenzel, P.; Fleer, J. Techno-economic analysis of photovoltaic battery systems and the influence of different consumer

load profiles. Appl. Energy 2017, 185, 2019–2025. [CrossRef]
10. Luthander, R.; Widén, J.; Nilsson, D.; Palm, J. Photovoltaic self-consumption in buildings: A review. Appl. Energy 2015, 142, 80–94.

[CrossRef]
11. Vieira, F.M.; Moura, P.S.; De Almeida, A.T. Energy storage system for self-consumption of photovoltaic energy in residential zero

energy buildings. Renew. Energy 2017, 103, 308–320. [CrossRef]
12. Kairies, K.P.; Figgener, J.; Haberschusz, D.; Wessels, O.; Tepe, B.; Sauer, D.U. Market and technology development of PV home

storage systems in Germany. J. Energy Storage 2019, 23, 416–424. [CrossRef]
13. Keiner, D.; Ram, M.; Barbosa, L.D.S.N.S.; Bogdanov, D.; Breyer, C. Cost optimal self-consumption of PV prosumers with stationary

batteries, heat pumps, thermal energy storage and electric vehicles across the world up to 2050. Sol. Energy 2019, 185, 406–423.
[CrossRef]

14. Jacksohn, A.; Grösche, P.; Rehdanz, K.; Schröder, C. Drivers of renewable technology adoption in the household sector. Energy
Econ. 2019, 81, 216–226. [CrossRef]

15. Ecker, F.; Spada, H.; Hahnel, U.J. Independence without control: Autarky outperforms autonomy benefits in the adoption of
private energy storage systems. Energy Policy 2018, 122, 214–228. [CrossRef]

16. Niamir, L.; Ivanova, O.; Filatova, T.; Voinov, A.; Bressers, H. Demand-side solutions for climate mitigation: Bottom-up drivers of
household energy behavior change in the Netherlands and Spain. Energy Res. Soc. Sci. 2020, 6, 101356. [CrossRef]

17. Schelly, C.; Letzelter, J.C. Examining the key drivers of residential solar adoption in upstate New York. Sustainability 2020, 12,
2552. [CrossRef]

18. EPC. Directive (EU) 2019/944 of the European Parliament and of the Council of 5th June 2019 on Common Rules for the Internal Market
for Electricity and Amending Directive 2012/27/EU; European Parliament and Council. Official Journal of the European Union:
Luxembourg, 2019.

19. Barzegkar-Ntovom, G.A.; Chatzigeorgiou, N.G.; Nousdilis, A.I.; Vomva, S.A.; Kryonidis, G.O.; Kontis, O.; Georghiou, G.E.;
Christoforidis, G.C.; Papagiannis, G.K. Assessing the viability of battery energy storage systems coupled with photovoltaics
under a pure self consumption scheme. Renew. Energy 2020, 152, 1302–1309. [CrossRef]

20. Mateo, C.; Cossent, R.; Gómez, T.; Prettico, G.; Frías, P.; Fulli, G.; Postigo, F. Impact of solar PV self-consumption policies on
distribution networks and regulatory implications. Sol. Energy 2018, 176, 62–72. [CrossRef]

21. Castaneda, M.; Zapata, S.; Cherni, J.; Aristizabal, A.J.; Dyner, I. The long-term effects of cautious feed-in tariff reductions on
photovoltaic generation in the UK residential sector. Renew. Energy 2020, 155, 1432–1443. [CrossRef]

22. Beck, T.; Kondziella, H.; Huard, G.; Bruckner, T. Assessing the influence of the temporal resolution of electrical load and PV
generation profiles on self-consumption and sizing of PV-battery systems. Appl. Energy 2016, 173, 331–342. [CrossRef]

23. SG. BOE–Royal Decree 244/2019 of April 5th (BOE-A-2019-5089) No. 83, of 06/04/2019; Spanish Government: Madrid, Spain, 2019;
Available online: https://www.boe.es/eli/es/rd/2019/04/05/244 (accessed on 1 January 2021).

24. 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]

25. Huijben, J.C.C.M.; Verbong, G.P.J. Breakthrough without subsidies? PV business model experiments in the Netherlands. Energy
Policy 2013, 56, 362–370. [CrossRef]

26. Spertino, F.; Di Leo, P.; Cocina, V. Which are the constraints to the photovoltaic grid-parity in the main European markets? Solar
Energy 2014, 105, 390–400. [CrossRef]

27. Karakaya, E.; Hidalgo, A.; Nuur, C. Motivators for adoption of photovoltaic systems at grid parity: A case study from Southern
Germany. Renew. Sustain. Energy Rev. 2015, 43, 1090–1098. [CrossRef]

28. Hagerman, S.; Jaramillo, P.; Morgan, M.G. Is rooftop solar PV at socket parity without subsidies? Energy Policy 2016, 89, 84–94.
[CrossRef]

29. Hoppmann, J.; Volland, J.; Schmidt, T.S.; Hoffmann, V.H. The economic viability of battery storage for residential solar photovoltaic
systems–a review and a simulation model. Renew. Sustain. Energy Rev. 2014, 39, 1101–1118. [CrossRef]

30. Nyholm, E.; Goop, J.; Odenberger, M.; Johnsson, F. Solar photovoltaic-battery systems in Swedish households–self-consumption
and self-sufficiency. Appl. Energy 2016, 183, 148–159. [CrossRef]

31. Khalilpour, R.; Vassallo, A. Leaving the grid: An ambition or a real choice? Energy Policy 2015, 82, 207–221. [CrossRef]
32. Khalilpour, R.; Vassallo, A. Technoeconomic parametric analysis of PV-battery systems. Renew. Energy 2016, 97, 757–768.

[CrossRef]
33. Kaschub, T.; Jochem, P.; Fichtner, W. Solar energy storage in German households: Profitability, load changes and flexibility. Energy

Policy 2016, 98, 520–532. [CrossRef]

http://doi.org/10.1016/j.renene.2015.09.059
http://doi.org/10.1016/j.enpol.2017.04.005
http://doi.org/10.5547/2160-5890.6.1.rgre
http://doi.org/10.1016/j.apenergy.2015.11.088
http://doi.org/10.1016/j.apenergy.2014.12.028
http://doi.org/10.1016/j.renene.2016.11.048
http://doi.org/10.1016/j.est.2019.02.023
http://doi.org/10.1016/j.solener.2019.04.081
http://doi.org/10.1016/j.eneco.2019.04.001
http://doi.org/10.1016/j.enpol.2018.07.028
http://doi.org/10.1016/j.erss.2019.101356
http://doi.org/10.3390/su12062552
http://doi.org/10.1016/j.renene.2020.01.061
http://doi.org/10.1016/j.solener.2018.10.015
http://doi.org/10.1016/j.renene.2020.04.051
http://doi.org/10.1016/j.apenergy.2016.04.050
https://www.boe.es/eli/es/rd/2019/04/05/244
http://doi.org/10.1016/j.enpol.2020.111793
http://doi.org/10.1016/j.enpol.2012.12.073
http://doi.org/10.1016/j.solener.2014.03.021
http://doi.org/10.1016/j.rser.2014.11.077
http://doi.org/10.1016/j.enpol.2015.11.017
http://doi.org/10.1016/j.rser.2014.07.068
http://doi.org/10.1016/j.apenergy.2016.08.172
http://doi.org/10.1016/j.enpol.2015.03.005
http://doi.org/10.1016/j.renene.2016.06.010
http://doi.org/10.1016/j.enpol.2016.09.017


Energies 2021, 14, 1987 17 of 17

34. Barbour, E.; González, M.C. Projecting battery adoption in the prosumer era. Appl. Energy 2015, 215, 356–370. [CrossRef]
35. Fares, R.L.; Webber, M.E. The impacts of storing solar energy in the home to reduce reliance on the utility. Nat. Energy 2017, 2,

17001. [CrossRef]
36. Beck, T.; Kondziella, H.; Huard, G.; Bruckner, T. Optimal operation, configuration and sizing of generation and storage

technologies for residential heat pump systems in the spotlight of self-consumption of photovoltaic electricity. Appl. Energy 2017,
188, 604–619. [CrossRef]

37. Bertsch, V.; Geldermann, J.; Lühn, T. What drives the profitability of household PV investments, self-consumption and self-
sufficiency? Appl. Energy 2017, 204, 1–15. [CrossRef]

38. O’Shaughnessy, E.; Cutler, D.; Ardani, K.; Margolis, R. Solar plus: A review of the end-user economics of solar PV integration
with storage and load control in residential buildings. Appl. Energy 2018, 228, 2165–2175. [CrossRef]

39. Cucchiella, F.; D’Adamo, I.; Gastaldi, M. A profitability assessment of small-scale photovoltaic systems in an electricity market
without subsidies. Energy Convers. Manag. 2016, 129, 62–74. [CrossRef]

40. Roldán-Fernández, J.M.; Burgos-Payán, M.; Riquelme-Santos, J.M. Profitability of household photovoltaic self-consumption in
Spain. J. Clean. Prod. 2021, 279, 123439. [CrossRef]

41. Calleja, G.; Domenech, B.; Olivella, J. Relationship between load profiles and grid parity in the residential solar energy. DYNA
2019, 94, 600–604. [CrossRef]

42. Weniger, J.; Tjaden, T.; Quaschning, V. Sizing of residential PV battery systems. Energy Procedia 2014, 46, 78–87. [CrossRef]
43. Photovoltaic Geographical Information System (PVGIS) Geographical Assessment of Solar Resource and Performance of

Photovoltaic Technology. Available online: http://re.jrc.ec.europa.eu/pvgis/ (accessed on 1 January 2021).
44. Pflugradt, N.; Teuscher, J.; Platzer, B.; Schufft, W. Analysing low-voltage grids using a behaviour based load profile generator. Int.

Conf. Renew. Energ. Power Qual. 2013, Bilbao. ISSN: 2172-038X. Available online: https://www.loadprofilegenerator.de (accessed
on 1 January 2021).

http://doi.org/10.1016/j.apenergy.2018.01.056
http://doi.org/10.1038/nenergy.2017.1
http://doi.org/10.1016/j.apenergy.2016.12.041
http://doi.org/10.1016/j.apenergy.2017.06.055
http://doi.org/10.1016/j.apenergy.2018.07.048
http://doi.org/10.1016/j.enconman.2016.09.075
http://doi.org/10.1016/j.jclepro.2020.123439
http://doi.org/10.6036/9279
http://doi.org/10.1016/j.egypro.2014.01.160
http://re.jrc.ec.europa.eu/pvgis/
https://www.loadprofilegenerator.de

	Introduction 
	Literature Review 
	Contribution and Paper Structure 

	Simulation Model 
	Overall Perspective 
	Technical Description 
	Control Strategy 
	Economic Analysis 

	Computational Experiment 
	Results Analysis and Discussion 
	Maximum Profitability Objective 
	Maximum Self-Sufficiency Objective 
	Sensitivity Analysis 

	Conclusions 
	References

