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Abstract: In recent years, important regulatory changes have been introduced in Spain in the fields of
self-consumption and energy tariffs. In addition, electricity prices have risen sharply, reaching record
highs in the last year. This evidences the need to conduct new research studies in order to provide
an accurate picture of the profitability of battery energy storage systems and photovoltaic systems.
This paper proposes a complex simulation tool developed to assist in the optimal design of these
kinds of facilities. The tool is used in this study to analyze the benefits of including batteries in PV
systems under different self-consumption models, different consumer profiles and different locations
across the country. The research results indicate that at current electricity prices, the use of batteries is
less profitable than selling excess energy to the grid, unless the price of batteries drops drastically by
more than 50% in all the cases analyzed. However, at current battery prices, they become a valuable
resource in facilities that do not feed energy surplus into the grid.

Keywords: battery energy storage system; industrial buildings; photovoltaic system; self-consumption;
Spanish self-consumption regulation; techno-economic analysis

1. Introduction

Europe is immersed in a major process of change to meet the challenges set for the
coming years under the European Green Deal [1] seeking more efficient use of resources and
the reduction of greenhouse gas (GHG) emissions. In this context, renewable energies such
as photovoltaics (PV) are undergoing significant growth. Encouraged by the substantial
reduction in the costs and subsidies associated with PV, installed capacity has increased
considerably. Worldwide, cumulative PV capacity exceeded 942 GW in 2021, while in Spain
installed capacity has tripled in the last three years to more than 18 GW [2].

The increase in PV installations also has drawbacks [3], especially in terms of grid
connection. Solar PV generation is unstable and intermittent, as it is only available during
daylight and depends on weather conditions (solar irradiation, cloud cover, tempera-
ture, etc.). In the case of self-consumption PV systems, where generation exceeds demand,
surplus energy can be exported to the grid, complicating grid balancing and regulation.
One of the most useful strategies to address these challenges is the use of battery energy
storage systems (BESS). A study conducted by Yu [4] confirms that the integration of bat-
teries in self-consumption systems causes a lower impact on the electricity system than the
injection of surplus into the grid. It also stresses the importance of a gradual transition to
PV self-consumption, given the great challenge it entails for the energy system and for the
agents involved in the electricity system. In addition to providing flexibility to the grid, the
use of batteries increases the share of electricity locally produced that is consumed by the
user (self-consumption) and the share of demand that is supplied by the energy produced
(self-sufficiency) [5]. The issue is that the cost of the battery increases the investment and
can considerably affect the profitability of the installation [6]. However, in recent years
batteries have experienced a significant drop in prices due to the rapid development of the
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electric vehicle industry [7], making batteries one of the most promising solutions to drive
the use of renewable energies. In Spain, the installed storage capacity in 2020 was 8.3 GW,
including pumped hydro storage, batteries and thermal storage systems. In addition, the
national storage strategy contemplates reaching 20 GW in 2030 and 30 GW in 2050 as a
commitment to achieve climate neutrality [8].

The profitability of BESSs depends not only on the battery cost but also on the policy
and regulations of each country and the electricity cost to a large extent [9]. In Spain, elec-
tricity prices have increased drastically in recent years. In relation to 2018 and considering
the data available up to November 2022, the annual average market price of electricity
has risen by more than 200% [10]. Therefore, in order to properly size a self-consumption
system and determine the real viability of hybrid PV and BESS systemes, it is necessary to
carry out an optimization process not only from a technical point of view but also from an
economic point of view.

This paper seeks to analyze how beneficial the use of batteries is in PV self-consumption
installations in Spain under current electricity prices. To this end, a complex simulation
tool was developed to analyze the behavior of self-consumption PV systems on an hourly
basis during long periods. The tool was used to analyze the behavior of PV and battery
systems working under different industrial electricity load profiles and different climate
zones across the country.

1.1. Literarature Review

Many of the research studies conducted in recent years have focused on the techno-
economic evaluation (T-E) of PV installations according to the self-consumption policies
implemented in different countries such as Switzerland [11], France [12], Dominican Repub-
lic [13] or Portugal [14]. Especially in countries with more restrictive regulations, a change
in policy can promote the profitability and growth of these kinds of systems. A study car-
ried out by Escobar et al. [15] analyzes the regulatory framework of various EU countries,
concluding that there is no uniformity in the support policies for self-consumption, so the
conclusions of the research carried out in a specific context cannot be generalized.

The techno-economic feasibility studies analyzed can be classified into simulation
models [6,16,17] and optimization models [18,19] according to the PV system dimensioning
approach. There are also differences between the key performance indicators used to evalu-
ate the solutions. Most studies focus exclusively on economic profitability, mainly through
parameters such as net present value (NPV) and internal rate of return (IRR) [3,5,19,20],
although some authors opt for other economic parameters such as return on investment
(ROI) [9], payback (PP) [11,13] or discounted payback (DPP) [21]. However, some re-
searchers also consider that it is essential to include in the analysis other parameters such
as self-consumption (SC) and self-sufficiency (SS) rates [5,22] or carbon emission reductions
(CER) [23].

The residential sector has received most of the attention in the recent literature [5,9,11,13,18],
but the profitability of PV systems in the commercial and industrial sectors has also been
analyzed [14,16,17,23,24]. Olivieri et al. [23] studied the potential of distributed photovoltaic
generation on a university campus, focusing on electricity generation, carbon emission
reduction and economic feasibility. The techno-economic analysis of Villar et al. [14] reveals
the impact of tariff and demand pattern on the profitability of PV systems, especially in the
industrial sector. Their study includes real demand profiles of different sectors (residential,
hotel and industrial consumers) and diverse locations. Campana et al. [24] investigated
the benefits of lithium-ion batteries in the commercial sector by considering irradiation
from three locations in different climatic zones. Their results indicate that, at the prices
considered, battery integration is not profitable in any of the locations and identify battery
capacity, battery price and electricity price as the most sensitive parameters for NPV.

Concerning storage systems, lithium-ion and lead—acid batteries are the most widely
used in the PV sector [25]. In particular, the most recent studies reveal that lithium-ion
batteries are more viable from a technical-economic point of view due to their longer life



Energies 2023, 16, 361

30f19

cycle, higher efficiency, higher energy and power density and lower cost [9,26]. Some
authors support alternative technologies and analyze the feasibility of storage systems with
hydrogen batteries [19,27,28] or even reused batteries from electric vehicles [17,29,30].

In the Spanish context, many of the studies are currently outdated due to recent
changes in energy policies. However, the latest literature shows a paradigm change with
the new legislation [20-23]. A study conducted by Wuebben and Peters [20] calculates the
efficiency of different solar arrays without energy storage using actual load and generation
profiles in the residential sector. The work of Fernandez et al. [21] evaluates the profitability
of residential PV self-consumption in Spain using the demand and PV production profiles
for an average dwelling as a reference. Research conducted by Gallego-Castillo [22] shows
a regional analysis of optimal storage systems and self-consumption installations in the
residential sector using 2018 electricity prices. Olivieri et al. [23] analyze the profitability
of a PV system for a large consumer such as a university campus, but do not consider the
inclusion of a storage system. These studies provide very interesting findings, but even
so, important research gaps have been identified. Most of the studies are focused on the
residential sector and are limited to small consumers with small PV installations. A single
consumption profile is also often considered representative of the entire sector, and, in many
cases, consumption averages or statistics are used instead of actual profiles. In addition,
considering the diversity of climatic zones in Spain, PV output levels can be very different
from one location to another. Therefore, it is not possible to reach generalizable deductions
considering a single location. Additionally, many of the studies do not consider storage
systems, which become more attractive in the current context of energy prices. The novelty
of this article lies in the fact that the analysis is conducted in the industrial sector under
the context of the new Spanish regulation and at current electricity prices; considering
different consumption profiles and different locations; using real consumption data instead
of statistics or averages; and analyzing the profitability of including storage systems.

1.2. Spanish Regulation

Spanish regulation was one of the most restrictive in the EU in terms of self-consumption
until 2018 [15]. The entry into force of RD 900/2015 2015 meant a new tax for self-
consumption facilities that wanted to remain connected to the grid. As a result, the
Spanish market became less attractive, thereby slowing the growth of PV installations
in comparison with other countries [8]. However, the entry into the force of the current
legislation, regulated by RD-L 15/2018 and RD 244 /2019, meant great advances for self-
consumption. One of the main novelties is the elimination of the aforementioned tax,
thereby allowing economic remuneration for surplus energy injected to the grid. Also
noteworthy is the introduction of collective self-consumption. This is a major advance
for energy communities, making it possible to share the energy generated among several
connected consumers. Another interesting change is the elimination of the nominal power
limit for self-consumption facilities. What is now allowed is the installation of a PV sys-
tem with a higher nominal power than the maximum power set in the contract with the
electricity provider company.

On the basis of PV energy surplus, the legislation contemplates two types of self-
consumption: self-consumption without surplus and self-consumption with surplus. Self-
consumption without surplus does not include the injection of energy into the grid, so the
energy not consumed is lost. Moreover, self-consumption with surplus consists of injecting
unconsumed energy into the transportation and distribution network, thereby obtaining
either a monetary compensation or a credit to offset the electricity consumed.

In the economic framework, June 2021 represented a change with the entry into force
of the new energy tariffs. In Spain, consumers can choose between setting a price with the
electricity provider company or taking advantage of the price set by the government—the
PVPC (Voluntary Price for Small Consumers). The biggest change for small consumers is
the elimination of the three available tariffs (2.0A, 2.0DHA and 2.0DHS) to group them into
a unified tariff, called 2.0TD. This tariff features three periods of hourly discrimination by
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consumption and two by power. In addition, the 3.0A tariff becomes 3.0TD with six power
and energy periods instead of three. For medium consumers, the 3.1A tariff disappears
and is integrated into the 6.1TD and 6.2TD tariffs, corresponding to medium and high
voltage, respectively, both with six power and energy periods. For large consumers at high
voltage above 72.5 kV, tariffs 6.3TD and 6.4TD remain unchanged. In any case, the new
pricing structure introduces changes in the schedules of consumption and power periods
for all tariffs.

The major changes that the regulation of self-consumption and the mechanisms for
calculating electricity prices in Spain have undergone evidence the need to update the
analysis techniques currently in use. A simulation and optimization tool was developed
within the framework of this research in order to analyze the economic feasibility of BESS
in PV systems. This tool is valid for any type of user and sector, but this study focuses
on the industrial sector, considering that it has received very limited visibility in the
recent literature.

2. Materials and Methods

This paper introduces a complex tool developed to assist in the design process and
evaluate the performance of PV systems and BESS. This research seeks to update and
improve existing techniques taking into account the major changes that the Spanish market
recently underwent in terms of regulations and energy prices.

In order to carry out the economic profitability analysis, modeling simulation and
optimization models were developed and implemented in the tool following the procedure
detailed in Figure 1. The proposed approach evaluates a set of technical and economic indi-
cators based on parameters such as the location of the installation, the user’s consumption
profile, the characteristics of the PV and BESS elements, the electricity prices and the Capex
and Opex, among others.

NPV OPTIMIZATION

Load profile —

MODELING HOURLY SIMULATION
Energy balance Economic balance
PV model Emll BESS model
PV generation Surplus income SO T-E
- . ma
Optimization variables —>1 Grid exchanges Cost of grid energy | [H pl " —>| ANALYSIS |
solution
PV peak power Stored energy Energy savings
BESS capacity Energy consumed ¢ l
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| | |
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! BESS capacity } Isc SS i
”””””””””” i LCOE  LCOS |
|
I I
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Figure 1. Optimization process implemented in the developed tool to design, simulate and assess PV
systems comprising BESS.

The optimal sizes for the PV system and the BESS are determined in an iterative
process. Different combinations are modeled and tested, and the hourly performance of all
combinations is evaluated over the estimated 25-year life cycle of the system. For determin-
ing the optimal system, NPV is examined according to three different self-consumption
models: (i) self-consumption without surplus; (ii) self-consumption with surplus; and (iii)
self-consumption with surplus requiring a minimum self-consumption rate. On the basis of
each model, the hourly electricity usage is analyzed by considering the electricity demand,
PV generation and battery status. Finally, the result is a set of economic and technical
indicators that provide information about the profitability and feasibility of the optimal
installation for the considered scenario.
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2.1. PV Generation

PV generation is estimated based on data extracted from PVGIS—a web-based tool de-
veloped at the European Commission Joint Research Centre. This tool provides the hourly
PV output per kWp of installed peak power for a year, accounting for the location of the
installation, solar radiation, ambient temperature, module temperature, the characteristics
of the PV panels (technology, tilt and orientation) and the system energy losses. The default
parameters used in the developed tool for the calculation of PV production are detailed
in Table 1.

Table 1. PV system parameters used in the simulation process.

PV System Assumptions

PV technology Crystalline silicon
Tilt optimal
Orientation optimal
System loss [%] 14
Lifetime [a] 25
Panel degradation ratee [%/year] 0.833

PVGIS estimates PV production using one year of weather data. Selecting the data of
the last year by default may lead to inaccurate results if a year with anomalous temperature
and irradiation for the location studied is used. A specific procedure was adopted in this
research to avoid the use of poorly representative data. This procedure consists of analyzing
the PV production per kWp for each available year in PVGIS and choosing the closest year
to the average in terms of the number of peak sun hours.

2.2. BESS Charge Strategy

The strategy used to simulate battery operation considers the current state of the bat-
tery, the electricity demand and the PV generation. Priority is given to the self-consumption
of the energy produced. If production exceeds demand, the surplus is used to store energy.
Once the battery is fully charged, depending on the self-consumption model, the electricity
that is not consumed or stored is either discarded or fed into the grid. When PV generation
is not sufficient to meet electricity demand, stored energy is used first and, if not available,
electricity is supplied from the grid.

Over time and with use, batteries lose capacity and the amount of charge the battery
can supply decreases. This is taken into account in the battery performance model through
two parameters: the average annual capacity loss and the average annual performance loss.
In addition, the efficiency and maximum power at which the process is carried out and
the associated depth of discharge according to the type of battery are considered for each
charge and discharge cycle. The life cycle of the batteries is also an influential parameter.
Batteries often have shorter life cycles than other elements of the installation, such as PV
panels. Manufacturers often limit the durability of batteries to a number of cycles or a
number of years of use, even if the established safety limits are respected. Therefore, it
is necessary to consider a possible replacement in the techno-economic feasibility study
depending on the temporal scope of the study. Table 2 shows the parameters that the
developed tool includes by default related to the BESS system based on the updated data
provided by the manufacturers.
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Table 2. Storage system parameters included in the simulation process.

BESS Assumptions

Technology Lithium-ion
Lifetime (a) 13
Discharge depth (%) 90
Initial battery charge (%) 0
Charge—discharge efficiency (%) 90
Degradation rate (%/year) 1
Capacity loss (%/year) 3

2.3. Load Profile

The developed tool can be applied considering the actual consumption profile of the
user or based on typical user profiles. However, real data should be used to ensure truly
accurate and useful results when assessing the feasibility of a potential facility. In any
case, an hourly load profile is essential to determine the hourly energy exchanges with
the grid and, therefore, the hourly monetary flows. In addition, the simulation of energy
flows becomes more complex if the installation has an accumulation system. In each time
interval considered, an estimate is made of the energy flows exchanged with the grid (in
both directions in the case of self-consumption with surplus) as a function of PV generation,
electricity demand and the state of charge of the batteries.

For the simulation of energy flows, a time interval of 1 h is used, so data with this
time resolution is required. Considering that the smart meters commonly used by Spanish
retailers offer data with a resolution of 15 min, the amount of data could be increased by
using smaller intervals. Nevertheless, several studies show that time resolution has no
significative impact on the sizing of PV and BESS systems [31,32]. Thus, using a larger
amount of data would only increase the computational complexity of the problem.

2.4. Electricity Prices and Tariffs

The calculation tool uses data from the new tariff structures implemented in Spain in
June 2021. Under the new tariffs, electricity prices fluctuate throughout the day based on
consumer demand. Tariffs are composed of two elements: access tolls and charges. Access
tolls are the prices paid by the user for the use of the grid, while charges correspond to
the rest of the regulated costs not induced by consumers when they demand power or
energy. All tariffs have a price differentiation in periods for both energy and contractually
agreed maximum power. The hourly distribution varies depending on whether it is a
working day or a weekend or holiday. Some tariffs also vary according to the month of the
year. These changes in tariffs are meant to encourage users to reduce their consumption
during the hours of maximum electricity demand (peak hours) and shift it to hours when
the distribution networks are usually less saturated (off-peak hours). To this end, peak
hours are usually priced higher than off-peak hours so that users who reallocate their
consumption can achieve greater savings on their bill.

All tariffs currently available in Spain are included in the calculation tool along with
their corresponding time periods and their respective prices. Considering that this research
is mainly focused on the industrial sector, it is worth highlighting the 3.0 TD tariff, which
is common in small- and medium-sized industries. It is a tariff, with six time periods for
energy and six for power, applied according to the electrical seasons (high, medium-high,
medium and low) and according to the time and the day of the week (weekends and
holidays are discriminated), as detailed in Figure 2.
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Figure 2. Energy and power periods for the 3.0 TD tariff. The price of electricity is discriminated
according to electrical seasons (high, medium-high, medium and low), the day of the week and the
time of day. (High season: January, February, July and December; medium-high season: March and
November; medium season: June, August and September; and low season: April, May and October).

2.5. Financial Parameters

The economic analysis process assumes a set of financial parameters in line with the
current economic and financial situation. The simulations are run for an estimated project
lifetime of 25 years, considering the discount rate, the CPI, the VAT and the electricity rate
listed in Table 3. In addition, in the operating model, in which surplus energy is fed into
the grid, the generation toll and the remuneration to the system operator for that energy
are also applied.

Table 3. Financial parameters assumed in the simulation process.

Financial Assumptions

Project life (a) 25
CPI (%) 1
Energy CPI (%) 1.5
Discount rate (%) 7
Electricity tax (%) 5.11
VAT (%) 21
Generation toll (EUR/kWh) 0.005
Remuneration to the system operator (EUR/kWh) 0.001
Annual BESS O&M expenses (%) 0.25
Annual PV O&M expenses (%) 1.25

Equipment acquisition costs are also accounted for in the economic simulation pro-
cess. The costs of the PV installation and BESS are not considered constant. These vary
depending on the installed peak power and the BESS capacity, respectively, considering
the economy of scale effect. The price of PV ranges from 2850 EUR/kW for small installa-
tions to 725 EUR/KW for the largest facilities. Similarly, storage systems can range from
1000 EUR/kWh to 380 EUR/kWh. It should be noted that the PV investment costs include
not only the panels but also the inverter and the structure for the PV panels. Annual oper-
ating and maintenance costs are also included in the analysis and are applied in relation to
the initial investment. Furthermore, for the storage system, not only the cost of the initial
investment is accounted for but also the costs related to the replacements required during
the lifetime of the project, given the shorter lifetime of the batteries.

2.6. Performance Indicators

The indicator analyzed to identify the optimal configuration of PV and BESS system
is the NPV, calculated according to the following expression:

N
Cash Flow;
Z —— — Clpy — Clpgss
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where Cash Flow is the savings achieved with the system, i.e., the difference between the
bill before and after installing it; CIpy and Clpggs represent the investment costs of the PV
panels and the storage system; i indicates the year within the N-year estimated life of the
project; and d and CPI are the discount rate and CPI, respectively, to account for money
depreciation and price increases.

The DPP is also an interesting parameter for evaluating profitability because it indi-
cates the time required to recover investments.

From a technical point of view, other metrics used to evaluate system performance
are the SC rate, the SS rate and the reduction of carbon emissions. The CER is a parameter
directly related to the PV energy produced that is self-consumed by the user. The SC and
SS rates are calculated according to the energy generated by the PV system (E_PV), the
part of this energy that is consumed directly by the user (Esc py) and the total energy
consumed (E).

Esc_pv
sC = =5eLv
Epy
_ Esc pv
SS = 3

Although not a subject of analysis in this research, the developed tool also determines
the levelized cost of energy (LCOE) and the levelized cost of storage (LCOS), as these are
valuable financial parameters for assessing the profitability of PV and BESS projects.

2.7. Self-Consumption Models

In this research, different self-consumption models are analyzed according to the
needs of different prosumer profiles:

e Model 1. Self-consumption without surplus: In this self-consumption model, the
excess energy is discarded, so no profits are generated from it. This is more usual than
would be expected in Spain, especially in the industrial sector. Bureaucratic problems
often make surplus sales unattractive or even unfeasible.

e Model 2. Self-consumption with surplus: This model consists of exporting surplus
energy that is not consumed to the grid, with consequent economic remuneration. This
model offers great economic potential in the current scenario, in which energy prices
have risen considerably and, therefore, also the prices of surplus energy. However, it
is also the self-consumption model with the highest risk against a possible decrease in
electricity prices and surplus compensation.

e Model 3. Self-consumption with surplus requiring a minimum self-consumption rate:
This model is similar to the previous one but with the variation that a minimum
self-consumption rate of 70% is set. This rate is introduced with a dual purpose. On
the one hand, in order to access subsidies, it is common in Spain to limit the maximum
PV production based on electricity consumption to prevent oversized installations.
On the other hand, although the expected benefits of this measure with the current
price scenario are potentially lower, it also reduces the external risks and ensures that
the investment will be recovered in a reasonable time.

The tool used in this research limits installed PV power to 100 kWp for bureaucratic
reasons. Installations larger than this size are not allowed to obtain a credit to offset
electricity demand and must sell excess energy directly to the market, acting as electricity
producers. In small industries, PV systems are not installed on a utility scale to sell the
energy produced but rather to limit dependence on the grid and stabilize electricity costs,
with the consequent economic savings that this entails. This is especially relevant in the
current scenario, given the great uncertainty caused by the fluctuation of electricity prices
in recent years.

The maximum storage capacity is also limited to 100 kWh to avoid excessive cost
installations. Although large installations may provide significant economic benefits when
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discounts are applied, the related investment costs may be unaffordable for the type of
consumer considered in this research.

3. Data Description

The developed analysis method is applied to different consumers and locations to
evaluate the profitability of PV systems and storage systems in the current framework in
Spain. In a general study, selecting a single location may lead to non-generalizable results,
given the climatic diversity of the Spanish geography. In fact, on the basis of irradiation
levels, Spain can be classified into five different climatic zones. In this study, prosumers are
moved through the locations specified in Figure 3 to test the influence of irradiation on the
profitability of PV installations and BESS.
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Figure 3. Irradiation map of Spain indicating the analyzed locations. Adapted from [33].

The dataset used contains hourly consumption data for the entire year of 2019. These
data come from real users, specifically from small- and medium-sized industries, since this
study focuses on the industrial sector. Considering that within this sector, consumption
habits can be very different and can lead to very diverse results, three consumers with
different load profiles were selected. The main characteristics of these consumers and
their load curves are shown in Figure 4. Consumer C uses a relatively constant amount
of electricity throughout the year and throughout the week. This consumer has similar
consumption on weekdays, weekends, holidays and even at night. Consumer A, instead, is
mainly active during weekdays, reducing their consumption drastically on weekends. The
particularity of this consumer is that they also show remarkable activity during weekday
evenings. Consumer B is not active at night or on weekends.

The consumption profiles are scaled so that the annual electricity demand is the same
for all three consumers. This makes it easier to identify how the hourly consumption profile
influences the results.

The electricity tariff used in this study is 3.0 TD, divided into six periods for energy
and power, as detailed in Figure 2. For each period, the price shown in Table 4 is assumed.
For energy surplus, the remuneration considered is 0.11 EUR/kWh. Electricity and energy
surplus prices have been selected by comparing the prices offered by different electricity
provider companies for the 3.0 TD tariff.
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Figure 4. Weekly load hourly profile of the users included in the study.

Table 4. Price of energy for each 3.0 TD tariff period.

Period Price (EUR/kWh)
P1 0.3299
P2 0.3006
P3 0.2838
P4 0.2684
P5 0.2329
P6 0.2442

4. Results

This section presents and discusses the outcomes of this research. After simulating
all the possible combinations of PV Power and BES capacity, the optimal installation for
each user in each location is obtained—understanding optimal installation as the one that
maximizes the NPV. Table 5 shows the optimal power and capacity and other results
from the simulation, for each user, location and self-consumption model. In addition, the
simulations are carried out four times, for different reductions in the price of the batteries
(0%, 25%, 50% and 75%), in order to identify what is the necessary reduction in the price of
the battery to make it be profitable.



Energies 2023, 16, 361

11 of 19

Table 5. Results of the techno-economic simulation and optimization process. (BESS price red.: BESS price reduction; Loc: location; PV: peak PV power; BES: BES

capacity; NPV: net present value; DPP: discounted payback period; SC: self-consumption rate; SS: self-sufficiency rate; and CER: carbon emission reduction).

Model 1. No Surplus

Model 2. Surplus

Model 3. Surplus Requiring a Minimum SC

Bﬁfi User Loc. DV BESS NPV DPP SC S5 CER PV BESS NPV DPP SC S5 CER PV BESS NPV DPP SC S5 CER
F;e o © (kW) (kWh) (KEUR) @) (%) (%) (tCO,) (kW) (kWh) (KEUR) (@) (%) (%) (tCO,) (kW) (kWh) (KEUR) (@) (%) (%) (tCO,)
1 40 0 372 8 459 278 1856 100 0 1259 6 243 369 2464 20 40 233 9 701 212 1418

A 2 35 0 445 6 469 289 1928 100 0 1446 5 215 377 2520 20 65 220 10 705 248 1656

3 50 75 587 8 532 528 3527 100 0 1673 5 206 409 2736 25 90 369 9 703 349 2330

1 75 50 691 8 527 598 3998 100 0 1380 5 333 505 3373 50 70 797 7 706 534 357.0

0% B 2 60 50 89 7 585 617 4123 100 0 1530 5 314 552 3690 45 55 996 5 708 560 3742
3 60 70 1021 6 602 716 4788 85 0 1713 4 337 568 3798 50 8 1205 5 702 696 4653

1 50 60 510 9 646 489 3268 100 0 1269 6 260 394 2633 50 8 709 7 705 534 3568

cC 2 5 100 600 8 686 603 4028 100 0 1406 5 226 397 2650 45 8 813 7 705 557 3724

3 45 100 797 7 746 666 4449 90 0 1594 5 236 421 2812 45 85 1025 6 705 629 4204

1 60 75 416 10 507 461 3080 100 0 1259 6 243 369 2464 30 90 337 9 700 318 2126

A 2 50 9 507 9 551 484 3234 100 0 1446 5 215 377 2520 25 95 340 9 704 309 2066

3 50 100 702 7 573 568 3793 100 0 1673 5 206 409 2736 25 90 485 7 703 349 2330

1 8 80 779 8 549 665 4442 100 0 1380 5 333 505 3373 55 95 898 6 704 587 3920

25% B 2 6 75 938 7 590 674 4453 100 0 1530 5 314 552 3690 50 80 1093 5 704 618 4133
3 6 95 1126 6 600 773 5167 8 0 1713 4 337 568 3798 50 8 1315 5 702 696 4653

1 60 100 629 8 654 595 3974 100 0 1269 6 260 394 2633 50 8 818 6 705 534 3568

c 2 5 100 727 7 686 603 4028 100 0 1406 5 226 397 2650 45 8 922 6 705 557 3724

3 45 100 924 6 746 666 4449 90 0 1594 5 236 421 2812 45 85 1135 5 705 629 4204

1 6 100 540 9 516 508 3395 100 0 1259 6 243 369 2464 30 90 453 7 700 318 2126

A 2 5 100 633 8 530 512 3421 100 0 1446 5 215 377 2520 25 95 462 7 704 309 2066

3 50 100 89 6 573 568 3793 100 0 1673 5 206 409 2736 25 90 600 6 703 349 2330

1 8 100 902 7 548 705 4713 100 0 1380 5 333 505 3373 55 95 1020 6 704 587 3920

50% B 2 70 100 1052 6 585 719 487 100 0 1530 5 314 552 3690 50 8 1197 5 704 618 4133
3 65 100 1253 5 605 780 5214 85 0 1713 4 337 568 3798 50 85 1424 4 702  69.6 4653

1 60 100 756 7 654 595 3974 100 0 1269 6 260 394 2633 50 8 928 6 705 534 3568

cC 2 5 100 84 6 686 603 4028 100 0 1406 5 226 397 2650 45 8 1032 5 705 557 3724

3 45 100 1051 5 746 666 4449 90 0 1594 5 236 421 2812 45 100 1251 4 746  66.6 4449
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Table 5. Cont.

Model 1. No Surplus Model 2. Surplus Model 3. Surplus Requiring a Minimum SC

Bﬁig User Loc PV BESS NPV DPP SC SS CER PV BESS NPV DPP SC SS CER PV BESS NPV DPP SC SS CER
li od. * (kW) (kWh) (kEUR) (a) (%) (%)  (tCOz) (kW) (kWh) (kEUR) (a) (%) (%)  (tCOy) (kW) (kWh) (kEUR) (a) (%) (%)  (tCOy)

1 65 100 66.7 7 51.6 508 3395 100 90 1325 6 371 562 3753 30 90 56.8 6 700 318 2126

A 2 55 100 76.0 6 530 512 3421 100 55 145.6 5 286 503 336.1 25 95 58.3 5 704 309 206.6

3 50 100  95.6 5 573 568 379.3 100 0 167.3 5 206 409 2736 25 90 71.6 4 703 349 233.0

1 85 100 1029 6 54.8 705 4713 95 55 140.3 5 453 65.1 4353 55 95 114.1 5 704  58.7 3920

75% B 2 70 100 1179 5 58.5 719  480.7 95 50 153.8 5 412 688 459.6 50 80 130.1 4 70.4 61.8 4133

3 65 100  138.0 5 605 780 5214 80 35 1715 4 424 672 4489 50 85 1534 4 702  69.6 4653

1 60 100 883 6 654 595 3974 90 80 1311 6 450 612 4092 50 100 1046 5 736 557 3722

C 2 50 100 98.1 5 68.6 60.3 4028 85 80 142.8 5 412 615 4111 45 100  115.7 4 741 58.6 391.6

3 45 100  117.8 4 74.6 66.6 4449 75 70 160.8 4 424  63.0 4209 45 100  137.8 4 74.6 66.6 4449
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4.1. Self-Consumption without Surplus (Model 1)

As can be seen in Table 5, when surplus energy is discarded, the optimal system
requires the use of batteries for practically all consumers and locations. Consumer A can be
singled out because in two of the locations analyzed, the maximum economic profitability
is achieved without batteries. However, if the locations of this consumer are compared, it
can be observed that batteries allow increasing both self-consumption and self-sufficiency
rates. This consumer also shows a different behavior from consumers B and C in that,
despite having equal annual consumptions, the optimal solutions for all locations require
smaller PV installations. This is due to the greater difference between the hourly profile
of consumption and generation. In turn, consumers B and C stand out for their higher
economic returns, which include larger installations in terms of PV peak power and storage
system capacity. However, due to the investment required for these consumers, the payback
periods are similar to consumer A, ranging from 6 to 9 years depending on the location.

For consumers B and C, locations with higher annual irradiation require lower installed
power, given the greater use of the solar resource. It also highlights that optimal solutions
in these scenarios require higher storage capacity due to the higher energy production.
An exception is consumer A, which in location 3, the optimal solution requires a higher
installed power than the other locations, but only because this solution also includes a
storage system, making it possible to store energy from excess production.

Figure 5 shows the results discussed above, comparing the economic return of different
configurations of PV power and storage capacity for all locations and consumers. The red
dot indicates the optimal solution for each scenario. In general, it can be seen that smaller
installations—less than 10 kW—are not profitable because they provide negative values for
NPV. This is due to the economies of scale; the investment is relatively higher when facilities
are smaller. Regarding battery capacity, it is not feasible to install very large capacities
with low PV power, as is foreseeable. This figure also shows that if consumers B and C are
compared, the most profitable areas for user B correspond to smaller PV installations with
higher storage capacity. This is because their consumption is very constant on a daily and
weekly basis. For user B, in contrast, higher power PV installations are more convenient
because most of their consumption coincides with the hours of generation. This also implies
smaller batteries.

Figure 6 shows the impact of BESS prices on the optimal solution. Under this model,
the reduction in prices makes it profitable to install higher capacity storage systems and
also higher power PV systems because excess production can be stored and made profitable
instead of being discarded. User A stands out considering that the optimal solution in
locations 1 and 2 does not involve the use of storage systems. However, the figure shows
that in these situations, a small price reduction of 10% makes it profitable to install a
small-size battery. In addition, for some consumers and locations, because of the tool’s
limitation on maximum storage, a price reduction does not lead to increases in capacity
but increases the NPV and reduces the payback period. This is the case for consumer C
in locations 2 and 3. Lower prices also mean increased self-sufficiency due to increased
storage capacity.

4.2. Self-Consumption with Surplus (Model 2)

When energy surplus is injected into the grid, batteries at current prices are not
beneficial in any of the cases. However, the economic profitability increases significantly
as shown in Table 5, with VPN between 125.9 kEUR and 171.5 kEUR. This is true for all
consumers and locations, but logically, the profitability is higher in locations with higher
annual irradiation. Compared to the previous model, both self-consumption and self-
sufficiency are reduced, which means that most of the energy generated is fed into the
grid and most of the demand is covered by purchased electricity. This is due to the higher
installed PV power, thus, producing a greater amount of electricity, and the absence of
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batteries in the optimal solution. As mentioned, none of the optimal solutions include the
use of storage systems due to the favorable remuneration of the energy surplus.

It should be noted that, due to the compensation received for the energy surplus, the
optimal installed power in most scenarios is 100 kW, the limit set in the tool for bureaucratic
reasons. This is shown graphically in Figure 7 for all consumers and locations, with the
exception of location 3 for consumers B and C. In both cases, the optimum installed power
is lower. This is because of the fact that this location has higher irradiation levels, so it is
possible to achieve similar production with a smaller installation. In addition, the effect of
how the electricity companies compensate surplus in the bill is also reflected here. When
the income received for the energy surplus reaches the price of the energy consumed within
a monthly billing cycle, the energy excess is not rewarded anymore, so part of the energy
excess, in many cases, does not receive economic compensation, despite the fact that this
energy is fed into the grid.

Location 1 Location 2 Location 3
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Figure 5. NPV for different combinations of battery capacity and PV power for the users and locations
analyzed using self-consumption model 1 and 0% BESS price reduction. The red dots indicate the
optimal solution for each scenario.
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10 % 15 % 20% 25% 30 % 35%
55 % 60 % 65 % 70 % 75 % 80 % 85 % 90 %
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Figure 6. Optimal storage capacity according to battery prices for the users and locations analyzed
using self-consumption model 1.

Although this is a very profitable model economically, it has the disadvantage that the
ratio of self-consumption is, in general, less than 30%, so most of the profits come from the
sale of the energy surplus. Thus, the price dependence of the energy surplus is very high,
with the uncertainty that this can generate, given the great variability of electricity prices in
the last years.

Regarding the effect of the price reduction in batteries of this model, the sensitivity
analysis performed provides the results shown in Figure 8 and Table 5. In the current
context and under this model, a significant price reduction of more than 50% is needed
in order to be economically profitable to include storage systems in the PV installation. It
can be noticed that it is economically more cost-effective to sell the energy than to store
it for later consumption. The results show that, with the exception of consumer A, the
introduction of storage systems leads to a slight reduction in installed PV power due to the
increased use of the energy produced to satisfy the user’s consumption.
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Location 1 Location 2 Location 3

Battery Energy Capacity (kWh)

. 0
40 60 80 100 0
Photovoltaic Peak Power (kW)

NPV (EUR)

-4 -2 0 2 4 6 8 10 12 14 16 x10%

Figure 7. NPV for different combinations of battery capacity and PV power for the users and locations
analyzed using self-consumption model 2 and 0% BESS price reduction. The red dots indicate the
optimal solution for each scenario.

When comparing the locations, it is noticeable that larger reductions are necessary to
observe a change in trend in the sensitivity analysis in the locations with higher irradiation.
In addition, it is noteworthy that in these locations, higher NPV values are achieved with
smaller installations in terms of PV power and storage capacity.

4.3. Self-Consumption with Surplus Requiring a Minimum Self-Consumption Rate (Model 3)

Model 3 arises to limit the dependence of the profitability of the installation on
the prices of electricity surplus in relation to model 2. By introducing a minimum self-
consumption ratio, the direct consumption of the energy generated is encouraged. The main
disadvantage of this model is the reduction in economic profitability for all consumers and
all locations, as shown in Table 5. This is because the method to increase self-consumption
is by using storage systems. However, this is a more conservative solution because the
benefits are less dependent on energy market fluctuations.

In relation to the consumers, user A stands out. Due to the particularity of their load
curve, with high consumption during low generation hours, in order to achieve a high
self-consumption rate, it is necessary to increase storage capacity. The ratio between PV and
storage size is around 3 kWh/kW, while for the other consumers, it is around 2 kWh/kW.
For consumers B and C, the rate of self-sufficiency is also increased with respect to model 2.
The exception is consumer A, for which the self-sufficiency rate drops due to a significant
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reduction in generation as a result of an 80% reduction in installed capacity, while for the
other consumers it remains at around 50%.

Location 1 s Location 2 s Location 3
%10 x10

10°

v Jesn

Net Present Value (EUR)

1 1.1 1.3
0 50 100 0 50 100 0 50 100

1.5 1.6 1.8

D Jesn

0.9 1 1.2
0 50 100 0 50 100 0 50 100

Battery Energy Capacity (kWh) Battery price reduction

10 % 15 % 20 % 25% 30 % 35% 40 % 45 % 50 %
55 % 60 % 65 % 70 % 75 % 80 % 85 % 90 % 95 %

Figure 8. Optimal storage capacity according to battery prices for the users and locations analyzed
using self-consumption model 2.

In terms of locations, location 3 is the least economically disadvantaged by this limita-
tion due to the greater use of the solar resource.

Under this scenario, the reduction in battery prices leads to an increase in economic
profitability and a reduction in the payback period. However, it does not significantly affect
the capacity and power of the optimal solution. For consumers A and B, a 25% reduction
is enough to reach the maximum optimal storage, while for consumer C it is necessary to
reduce prices by 50-75% depending on the location.

5. Conclusions

This research introduced a complex simulation tool that assisted in the design of an
optimal PV system under different operating conditions. The methodology developed
was applied to a set of consumers and locations to evaluate the profitability of BESS
systems under the current regulatory and electricity price context in Spain. The following
conclusions can be drawn:

e  When the consumer does not receive economic compensation from the energy surplus,
batteries are profitable for most of the cases. In seven of the nine cases analyzed, the
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optimal PV system includes batteries. Under these conditions, BESSs are profitable,
even at current battery prices, but a price reduction implies increases in installed
capacity and economic returns.

e  When the consumer receives economic compensation from the energy surplus, bat-
teries are not economically attractive in any of the cases. A drastic price reduction of
more than 50% is needed in order for batteries to become profitable.

e  When a minimum self-consumption rate of 70% is set as a requirement, the optimal
PV system includes batteries for all the cases studied. Using this model, profitability
and installed capacity increase as prices are reduced.

Thus, in the current context in Spain, a drop in the price of batteries or access to
subsidies is needed for them to be beneficial in those cases where the consumer can sell the
excess energy to the grid. However, as a consequence of rising electricity prices, batteries
have become a very valuable resource in installations that do not feed surpluses into the
grid, even if access to subsidies is not possible.
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