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Abstract: Photovoltaic generation is one of the key technologies in the production of electricity
from renewable sources. However, the intermittent nature of solar radiation poses a challenge to
effectively integrate this renewable resource into the electrical power system. The price reduction of
battery storage systems in the coming years presents an opportunity for their practical combination
with utility-scale photovoltaic plants. The integration of properly sized photovoltaic and battery
energy storage systems (PV-BESS) for the delivery of constant power not only guarantees high
energy availability, but also enables a possible increase in the number of PV installations and the
PV penetration. A massive data analysis with long-term simulations is carried out and indicators
of energy unavailability of the combined system are identified to assess the reliability of power
production. The proposed indicators allow to determine the appropriate sizing of the battery energy
storage system for a utility-scale photovoltaic plant in a planning stage, as well as suggest the
recommended operating points made for each month through a set of graphs and indicators. The
presence of an inflection zone has been observed, beyond which any increase in storage does not
generate significant reductions in the unavailability of energy. This critical zone is considered the
sweet spot for the size of the storage, beyond which it is not sensible to increase its size. Identifying
the critical point is crucial to determining the optimal storage size. The system is capable of providing
reliable supply of constant power in monthly periods while ensuring capacity credit levels above 95%,
which increases the penetration of this renewable resource. Despite the fact that the study focuses
exclusively on the analysis from an energy perspective, it is important to consider the constraints
associated to real storage systems and limit their oversizing.

Keywords: constant power; firm energy; renewable energy integration; photovoltaic energy; battery
energy storage system; energy storage; dispatchable energy with photovoltaic (PV); large-scale
battery storage

1. Introduction

Energy systems are undergoing a transition process towards a new paradigm, char-
acterized by electrification of the economy, decarbonization (gradual reduction of carbon
intensity) of energy generation parks, and decentralization of energy resources. The electri-
cal system has to guarantee the electrical supply, i.e., energy, but also the quality of this
supply, which must be carried out at the lowest possible cost. In addition, environmental
protection is becoming increasingly important.

By 2050, electricity could become the central energy carrier, growing from a 20% share
of the final consumption to an almost 50% share; as a result, gross electricity consumption
would more than double [1]. The analysis [2] has already indicated that it is possible to
eliminate almost all CO2 emissions by 2050 and partially replace fossil fuels in transport
and heating. The capacity for electricity generation from renewable sources, in particular
photovoltaic solar energy, is growing remarkably [3].

In an initial phase of this transition, emphasis has been placed on obtaining energy
(MWh). Renewable energy system technologies have focused mostly on taking advantage
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of the maximum power of renewable energy resources. These systems are already mature
and competitive, and it is already widely recognized that their generation cost is lower
compared to the traditional generation systems. However, large-scale renewables pose
a challenge for grid operations [4,5]. As they are dependent on natural resources and,
therefore, variable and intermittent, they cannot ensure their availability to start operating
when energy is needed, but only when there are enough resources, meaning they are not
dispatchable. As long as the penetration of renewables is low, this is manageable and
can be accepted by the electricity system operators. In 2021, 22% of the energy consumed
in the European Union was generated from renewable sources, according to EEA early
estimates. The long-term prospects may still fall short of the current 32% renewable energy
target set for 2030 [6]. However, as the share of renewable energy generation grows,
the power systems face challenges related to both system flexibility and system stability
(ability of power systems to withstand disturbances on a very short time scale) [3]. In this
context, smart grids are defined as an electric power system that integrates the behavior
and actions of the network users and other stakeholders, to efficiently deliver sustainable,
economic, and secure electricity supplies. The grid utilizes information exchange and
control technologies, distributed computing, and associated sensors and actuators for those
purposes but also all the network users (consumers, generators, storage owners) must
be able to act in a network-friendly manner. Therefore, it is increasingly important that
renewable energy generation helps maintain system reliability and stability, and this may
be increasingly required by interconnection standards. The concept of hosting capacity is
used to study how much photovoltaic power can be placed on a feeder before the negative
effects appear on the normal operation of the distribution system and power quality
(overvoltages/undervoltages and voltage variations) [5]. Hosting capacity is typically
expressed as the megawatt value of distributed photovoltaic (PV) at any location on the
feeder, which causes the first violation of operating restrictions. The voltage level definition
in different regions varies. In Europe, the EN-50160 standard establishes the limits of ±10%
of the nominal voltage. In the Americas, the ANSI C84.1 standard is followed, which
imposes more restrictive limits of ±5% of nominal voltage.

On the other hand, a plant’s contribution to the security of supply is not measured
by its installed power, but rather by the power it can offer at times of peak demand
with minimal security or certainty. This “safe” power is called firm power. Firmness
is understood as the maximum power that can be overcome by a certain high level of
probability. The firm power depends on factors such as the availability of primary energy
used (fuel, wind, water, etc.) and the maintenance carried out on the installation or its
operating regime (number of stops/starts, etc). So far, the firmness is a characteristic of
manageable technologies such as nuclear power or gas, which do not depend on external
agents, and are attributed with firmness coefficients greater than 95% [7]. This, however,
is not true for renewable technologies without storage, especially wind and photovoltaic
power, since they fully depend on the availability of resources, meaning that the electricity
generation that they will be able to contribute to the system at a specific moment in time
cannot be predicted with certainty in the medium term. The firmness cycle of wind
energy is usually considered to be 9%, whereas the value for photovoltaic solar energy
(without storage) lies at 0% [8]. The classic approach to addressing the variability problem
of renewable energy installations is to add flexible resources, such as large generators
and Volt–Amps Reactive (VAR) control equipment. Thermal technology, especially gas
turbine combined cycles (CCGTs), is currently the best at providing a backup service with
a lower level of greenhouse gas emissions. Specifically, the greatest advantage offered
by this technology is its ability to quickly start, regulate, or stop its operation in order to
accommodate the input of clean energy.

Another aspect to consider is that in a scenario of high penetration of renewable
technologies in the system, especially when using solar energy, simultaneous generation
of renewable energy can trigger overgeneration at noon and create a risk that a part of
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electricity will not be incorporated into the system due to low demand, thus going to waste,
which is known as curtailments.

Through the combination of PV plants with storage systems, photovoltaic installa-
tions can be endowed with firmness, enabling greater integration into electrical networks.
Power generation in hybrid PV systems with storage is more predictable, controllable, and
dispatchable, or, in other words, more grid friendly [9]. The integration of battery energy
storage systems (BESS) in photovoltaic plants brings reliability to the renewable resource
and increases the availability to maintain a constant power supply for a certain period of
time. Ref. [10] shows a forecast in which a combination of storage and solar power can
reach 30 TWh worldwide by 2050, far exceeding any other storage capacity.

From the point of view of hosting capacity, the power to be taken into account for
the PV-BESS would no longer be the peak power of the collection field, but rather the
constant power that it guarantees to deliver to the network. This could also increase the
number of installations that fit into a certain distribution network, sometimes restricted in
the interconnection agreements established by the electricity distribution companies. In this
process, the most unfavorable effect is usually considered, in which the power generated
by the photovoltaic plant is the maximum possible power that can be injected, usually the
maximum power of the inverter, despite the fact that photovoltaic systems only work at
full power 5% of the time. In this way, the capacity of the network is underused in practice.
On the other hand, through the combination between PV and BESS, it is possible to achieve
that; for example, ten 1 MWp plants can be integrated into the electric grid instead of just
one 1 MWp plant, thus producing constant power of 100 kW.

In addition to providing firmness, storage can reduce curtailment and valorize pho-
tovoltaic energy, avoiding the feared cannibal effect that can hinder economic viability of
photovoltaic installations when their penetration is high [11].

The use of batteries has a significant impact on strengthening photovoltaic generation
and improving primary frequency control. It is important to note that there is a restric-
tion on the instantaneous power supply capacity provided by the storage system and its
corresponding inverters. In the present study, no emphasis was placed on the analysis
of the primary frequency control, since its operation is in time ranges of seconds. The
simulations carried out have been designed with the purpose of analyzing energy balances
in hourly intervals.

The optimal sizing of a photovoltaic plant with a storage system is a subject widely
studied in scientific literature. Refs. [12–15] investigate the optimal sizing of PV and BESS
systems in an electric grid. Many studies of PV and BESS focus part of their work on
analyzing economic viability. The main parameters to analyze are the annual production
of photovoltaic energy, the useful life of the components and the costs of the installation
(Capital Expeditures (CapEx), Operational expeditures (OpEx), and Operation and Main-
tenance (O&M)) [16–19]. Cost projections for utility-scale lithium-ion battery systems
estimate reductions of 28–58% by 2030 and 28–75% by 2050 [20]. At present, the large-scale
manufacturing of batteries for their use in electric vehicles is contributing to the reduction
of prices [21]. However, this paper does not consider economic factors, but rather focuses
on determining the optimal operation of a photovoltaic–battery energy storage system
(PV-BESS) from the point of view of energy analysis, based on sizing parameters of the
system. The objective of the PV-BESS proposed is to achieve capacity credit similar to
those plants that provide firm power to the electrical network. Therefore, in the sizing and
operation of the system, indicators will be assigned in search of reaching a capacity credit
of around 95%.

In ref. [22], it is concluded that before policy makers make decisions about the nature
of future electricity grids, it is necessary to re-examine the role of technologies to provide
baseload capacity. It is imperative to consider a diversity of renewable supply options.
One of the possible approaches could promote the use of intermittent or variable energy
sources as alternatives to current baseload generation technologies, through the use of
electricity storage systems [23]. The case proposed in this study presents similarities with
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concentrated technology solar power (CSP), and in ref. [23] it is stated that, in terms of
costs, baseload-capable CSP could become competitive with nuclear power by 2030 if it sees
sufficient deployment to drive costs down. There are numerous techno-economic studies
that seek to minimize the installation cost or avoid the economic penalties associated with
deviations in the intraday market, through forecast methodologies based on deep learning.
Refs. [24,25] are some representative examples.

However, the purpose of this study is to present a novel vision in which the minimiza-
tion of storage costs is not emphasized, but rather seeks to ensure long-term firm capacity,
since a drastic reduction in storage costs is expected in a future scenario.

In a previous paper [26], the size of the most suitable storage system for a given panel
power in Wp has been shown, together with the selection of the firm power with which it
is desired to operate, on an annual basis, which can be delivered with a firmness of 95%,
i.e., a less than 5% probability that the firm power cannot be delivered every hour of the
year. However, with the annual setpoint, there is a high amount of excess energy that is not
incorporated into the network in the months of high irradiation (surplus), thus reducing
the economic viability of the plant as these kWh are not sold, and, on the other hand,
the amount of clean kWh that can be incorporated into the network is reduced. For this
reason, this paper presents a different operating strategy, called Monthly Constant Power.
The objective of sizing based on storage size and power supplied in this particular case is
focused on guaranteeing, with a probability greater than 95%, a specific power setpoint
value that has been optimized for each month of the year. Massive data analysis over a long
simulation period has made it possible to identify the degree of robustness of the system
and determine an optimal storage size. By identifying that there is no linear relationship
between the increase in storage capacity and the reduction in unavailability of energy, it is
necessary to analyze the results obtained to find the optimal configuration.

The article is structured as follows: Section 2 exposes the methodology used to provide
a firm capacity in monthly periods, including its characteristic parameters and indicators,
which are necessary to carry out the analysis. Section 3 describes the proposed model that
is used to determine various suitable sizings for the PV-BESS system. Section 4 presents the
results obtained from simulations, discussing the most relevant conclusions provided by
the unavailability curves and Load Duration Curves. Finally, a summary with the main
conclusions is presented in Section 5.

2. Methods
2.1. System Parameters and Indicators

The storage capacity of the PV-BESS system is defined based on the parameter storage
to power ratio (S2P), which is calculated using Equation (1). In this equation, CBESS
represents the storage capacity of the system (MWh) and PPV is the peak power of the
photovoltaic installation (MWp). The S2P parameter is equivalent and is used as a measure
of autonomy hours in isolated photovoltaic installations.

S2P =
CBESS

PPV
(1)

The capacity factor of a plant is the ratio between the theoretical maximum energy
production of the plant and its actual energy production over a certain period of time [27].
For a one-year period, it is the quotient between the photovoltaic production of the plant
EPV,AN (MWh) and peak power of the plant PPV (MW) for the 8760 h in a year, as shown in
Equation (2).

CF =
EPV,AN

PPV·8760 h
=

1726 MWh
1 MWp·8760 h

= 19.7% (2)

As an example, Equation (2) shows the calculation of the capacity factor (CF), taking
into account the photovoltaic production data resulting from the statistical calculations
developed in Section 2.2.
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The typical capacity factor in plants with intermittent renewable energy such as wind
or solar power is strongly site-dependent and is usually between 15% and 40% [28].

In Equation (3), the equivalent operating factor of the system (CPOF) is calculated,
where PGRID represents the constant power to be supplied to the network and PPV repre-
sents the peak power of the photovoltaic installation.

CPOF =
PGRID

PPV
(3)

To guarantee the supply of a firm power, it is necessary that the operation factor
provided by the system is less than that associated with the average annual production
proposed in Equation (2). If the aforementioned is not met, the photovoltaic installation
would present a deficit net annual energy that would be impossible to cover by the PV-BESS.

In case in a certain hourly interval the system cannot supply the required energy to
the electrical network EGRID, there will be an energy deficit in the PV-BESS, since neither
the storage system nor the photovoltaic plant will be able to provide the necessary energy.

The unavailability of energy in the system is quantified by means of the energy deficit
(ED) indicator.

In Equation (4), the energy deviation (ED) is defined as a relative accumulator of un-
available energy throughout the entire simulation period, where the numerator represents
the unavailable energy and the denominator represents the energy supplied during the
entire simulation period. EPV represents the photovoltaic production for each hour, EGRID
represents the energy supplied each hour and h represents the number of hourly periods of
the simulation.

ED =

∣∣∣∑h=96360
h=1 (E PV − EGRID)

∣∣∣
∑h=96360

h=1 EGRID

∨ (
∑h=96360

h=1 (E PV − EGRID) < 0
)

(4)

If the ED indicator is equal to zero, the system ideally meets the demanded power
setpoint and there is no energy unavailability. To obtain the average annual unavailability,
the Annual Energy Deficit (AED) indicator will be used, which will take the average data
of all simulation years. If it is desired to disaggregate energy unavailability according to
the month of the year, the Monthly Energy Deficit (MED) indicator will be used, which will
take only the data for the month in question.

The aforementioned parameters and indicators maintain a commonly used criterion
with respect to [26], in which a constant power study was carried out under annual instruc-
tions.

2.2. Proposed Methodology

The generation of energy by a photovoltaic installation is presented as a function of
time, since it depends on the amount of solar radiation received on the surface of the solar
panels. However, the estimates present a certain margin of uncertainty, since it also depends
on the atmospheric conditions and the efficiency of the system. In order to homogenize
the hourly production in a large-scale PV, the adequate sizing of a storage system and
the identification of optimal operating points for each month are proposed, in order to
guarantee a firm-power supply. Indicators of power unavailability quantify the reliability
of the system in the long-term simulation. In this context, the physical limitations of the
system and the energy losses are considered and a model is established that allows to
identify, for each hour, the distribution of energy in the system.

Figure 1 shows a comparison between the power supplied by a photovoltaic plant
(blue dashed line) and the power setpoint that is intended to be supplied during a full
day in January (in red) in p.u. The per-unit value of any quantity is defined as the ratio
of actual value in any unit to the base or reference value in the same unit. The horizontal
axis represents the time in hours for a random day of the simulation, while the vertical
axis represents the power in per unit with respect to the peak power of the photovoltaic
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installation (1 MWp). The energy supplied by the photovoltaic plant shows fluctuations
throughout the day due to variations in solar radiation and other factors. The red line
is the energy setpoint that is intended to be supplied to the electrical network, constant
throughout the day.
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Figure 1. Comparison between PV installation energy and energy to be supplied to the electrical
system.

It can be seen that at certain times of the day, the power supplied by the photovoltaic
plant (PPV,H) is less than the setpoint power (PGRID,H) that is intended to be supplied,
indicating that the power generation system needs the support of a storage system to
maintain a constant output power. At other times, the supplied power is greater than the
power setpoint, which indicates that the system is generating more energy than necessary
and can store it in the BESS for later use.

The objective of the script programmed in Matlab is to maximize the energy supplied
to the electrical network through the PV-BESS system that meets a constant power setpoint.
This objective is sought to be achieved under balanced sizing criteria.

Ideally, it would seek to convert all intermittent renewable energy into a system
capable of providing constant firm power to the electrical grid. In Figure 1, this would be
achieved by matching the area under the curve that represents the photovoltaic production
with the power that is intended to be supplied to the grid. In this way, it would ensure
that the power supplied is constant and does not depend on fluctuations in the generation
of renewable energy. In practice, however, this can be difficult to achieve due to the
variability of the renewable resource and the oversizing that would have to be done to the
storage system.

A collection of long-term PV production data is a useful tool to identify behavior
patterns in a PV plant. These patterns tend to cancel out the fluctuations that occur over
short hourly horizons. By using a script in Matlab, the photovoltaic production is grouped
by months for a period of 11 years of simulation. This grouping process involves separating
the photovoltaic production data into groups corresponding to each of the 12 months of
the year. The grouping of monthly data allows the identification of seasonal patterns in
the production of photovoltaic energy, useful to propose an adequate dimensioning of the
PV-BESS system.

Figure 2 shows the average hourly production (over 11 years) of a photovoltaic plant
located in Zaragoza (Spain) for each month of the year. This figure is useful for identifying
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long-term patterns and trends. Seasonal fluctuations are significant in energy production
and are due to the angle of inclination of the Sun’s rays on the Earth. During the summer
season, the tilt of the Earth’s axis causes the region in which the photovoltaic plant is located
to receive a greater amount of direct solar radiation, resulting in higher energy production.
In contrast, during the winter season, the region in which the photovoltaic plant is located
receives less direct solar radiation, which results in lower energy production.

Energies 2023, 16, 4909 7 of 22 
 

 

patterns in the production of photovoltaic energy, useful to propose an adequate dimen-
sioning of the PV-BESS system. 

Figure 2 shows the average hourly production (over 11 years) of a photovoltaic plant 
located in Zaragoza (Spain) for each month of the year. This figure is useful for identify-
ing long-term patterns and trends. Seasonal fluctuations are significant in energy pro-
duction and are due to the angle of inclination of the Sun’s rays on the Earth. During the 
summer season, the tilt of the Earth’s axis causes the region in which the photovoltaic 
plant is located to receive a greater amount of direct solar radiation, resulting in higher 
energy production. In contrast, during the winter season, the region in which the pho-
tovoltaic plant is located receives less direct solar radiation, which results in lower energy 
production. 

 
Figure 2. Hourly photovoltaic production and PVFACTOR coefficient for each month of the year. 

The seasonal variation in photovoltaic production is identified by means of a di-
mensionless index or coefficient for each month of the year. This coefficient will be used 
to model the expected production of photovoltaic energy for any month of the year. 
Although in short hourly periods, the uncertainty of PV production is high, in the long 
term, the dimensionless coefficient is precise and reliable since it has been obtained from 
a very long-term statistical analysis. 

PVFACTOR is called the dimensionless coefficient obtained from the statistical analysis 
of the solar energy production of a photovoltaic plant and it is represented on the ordi-
nate axis on the right in Figure 2. This coefficient is expressed in per unit, being the sum 
of the values for all the months of the year equal to 12. PVFACTOR results from dividing the 
average monthly production for a certain month with respect to the annual production. A 
greater PVFACTOR indicates that the solar energy production in that month is greater 
compared to other months of the year and vice versa. 

As it has been said, the purpose is to match a renewable source facility, which has an 
intermittent resource, with power plants that supply firm power to the system, such as 
nuclear power plants, which have a reliable resource. Therefore, the energy supplied per 
hour is required to be constant, in order to ensure the continuity of the electrical supply 
and minimize possible interruptions or unavailability thereof. 

Figure 2. Hourly photovoltaic production and PVFACTOR coefficient for each month of the year.

The seasonal variation in photovoltaic production is identified by means of a dimen-
sionless index or coefficient for each month of the year. This coefficient will be used to
model the expected production of photovoltaic energy for any month of the year. Although
in short hourly periods, the uncertainty of PV production is high, in the long term, the
dimensionless coefficient is precise and reliable since it has been obtained from a very
long-term statistical analysis.

PVFACTOR is called the dimensionless coefficient obtained from the statistical analysis
of the solar energy production of a photovoltaic plant and it is represented on the ordinate
axis on the right in Figure 2. This coefficient is expressed in per unit, being the sum of
the values for all the months of the year equal to 12. PVFACTOR results from dividing the
average monthly production for a certain month with respect to the annual production.
A greater PVFACTOR indicates that the solar energy production in that month is greater
compared to other months of the year and vice versa.

As it has been said, the purpose is to match a renewable source facility, which has an
intermittent resource, with power plants that supply firm power to the system, such as
nuclear power plants, which have a reliable resource. Therefore, the energy supplied per
hour is required to be constant, in order to ensure the continuity of the electrical supply
and minimize possible interruptions or unavailability thereof.

The appropriate selection of the hourly energy setpoint is one of the fundamental keys
to achieving an adequate dimensioning of the installation. In this sense, the implemented
algorithm applies an hourly power setpoint to be supplied to the electrical network (PGRID)
proportional to the photovoltaic production of each month according to the PVFACTOR
mentioned in Figure 2.
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The power reference supplied by the system (PGRID) is calculated through Equation (5),
where PPV represents the peak power of the photovoltaic installation and CPOF is the
operating factor of the plant.

PGRID = PPV·PVFACTOR·CPOF (5)

As an example, Figure 3 shows the constant monthly power that the system must
supply when selecting a CPOF setpoint value equal to 0.1 or 0.14 with a 1 MWp photovoltaic
plant. These represented values will be useful for later comparison with results from
Section 4.1.
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3. Model of the PV-BESS

A script was developed using the Matlab numerical computing software, developed
by MathWorks, to model the behavior of a photovoltaic plant with battery energy storage.
Matlab was selected due to its efficiency in processing large, structured databases using
vector operations.

The created script performs hourly energy balance computations over a period of
11 years (96,360 time slots), which requires hundreds of millions of operations due to the
more than 1200 combinations of battery size and power setpoint that must be considered.
To reduce the execution time of the script, the matrix-organized vector operation was used,
which allowed the data to be processed more efficiently. As a result, the script can carry out
the necessary calculations in a reasonable amount of time, making it easy to get accurate
and reliable results.

The PV-BESS facility is located in Zaragoza, Spain, at a latitude of 41.65◦. The
monocrystalline photovoltaic panels are fixed on the roof with an optimized inclination of
35◦ towards the south. The simulated photovoltaic installation has a capacity of 1 MWp.
The battery energy storage system (BESS) uses lithium-ion batteries with a depth of dis-
charge (DoD) of 90%. In the simulations, the nominal capacity of the storage system varies
up to 6 MWh with increments of 0.1 MWh. The battery discharge curve is C1, considering a
self-discharge coefficient of 5%. The efficiency of the equivalent photovoltaic inverter is 90%,
while the efficiency of the inverter associated with storage is 91% [29,30]. Lithium iron phos-
phate batteries are used, scalable up to 6 MWh and 6 MW with a cycle life of 10,000 cycles
for a depth of discharge of 80% [31]. The manufacturer declares a calendar life greater than
10 years. When evaluating using the rainflow-counting method, 4369 equivalent cycles
are recorded depending on the state of charge (SoC) and the depth of discharge (DoD)
throughout the simulation, as shown in Figure 4. Since the end of life of the storage is still
far away, the degradation does not decisively affect the simulation results.
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To describe the degradation resulting from charge and discharge cycles, the term
cycling aging is used. The main factors contributing to an increase in degradation are
indicated as follows. High temperatures cause an accelerated degradation of the storage
system. Given that current BESSs are equipped with cooling systems, this factor has been
overlooked, assuming an average temperature within the BESS of 25 ◦C. Each charge or
discharge cycle is associated with an average state of charge and a depth of discharge, as
shown in Figure 4. The sum of the cycles corresponding to each depth of discharge and
average SoC yields the overall degradation of the storage system. High values of state
of charge result in a loss of active lithium, although its influence is reduced compared
to the degradation by depth of discharge. In relation to the proposed case, the battery
manufacturer’s datasheet [31] provides the degradation for each cycle number segment of
Figure 4.

The battery manufacturer’s datasheet indicates that it is possible to achieve battery
depths of discharge of up to 90%. However, it is important to note that it should not be
common as it involves subjecting the storage to high degradation stress. The analysis
carried out using the rainflow-counting algorithm method allows to identify the number
of cycles that occur in each level of discharge. As can be seen in Figure 4, it is unusual for
charge and discharge cycles to be performed around a DoD of 90%. Therefore, storage
degradation would not experience critical deterioration due to this circumstance. The
manufacturer guarantees more than 7000 cycles for a DoD of 0.9 as stated in [31].

The energy balance of the installation is performed by discretizing values into hourly
intervals over a period of 11 years. The simulation has been designed to include enough
time slots to allow considering the operation of the representative system at the proposed
location. The representation of the system is shown in Figure 5, where a diagram is shown
that allows a clear visualization of the configuration of the system.

For the simulation, climatological values were extracted in hourly time slots between
January 2006 and December 2016 by using the Photovoltaic Geographical Information
System web tool [32]. This tool has made it possible to obtain reliable information on
the climate at the location of the installation. The climatological values obtained make
it possible to calculate the photovoltaic production and include hourly information on
the average solar radiation on the photovoltaic plane (GM) and ambient temperature
(TA). The temperature of the photovoltaic cell (TC) is calculated using Equation (6), where
NOCT is the nominal operating cell temperature of the photovoltaic cell [33,34], and it was
considered to be 47 ◦C.

TC = TA + GM·NOCT − 20
800

(6)
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The power produced by a photovoltaic module (PMOD) is calculated according to Equa-
tion (7). This equation considers the nominal power of the photovoltaic module (PN), the
irradiance under standard measurement conditions (GSTC), and the temperature coefficient
of the photovoltaic panel (γ), which was considered to have a value of 0.35%·K−1 [33,34].

PMOD = PN·GM· (1 + γ·(TC − 25))
GSTC

(7)

The power produced by the photovoltaic installation (PPV) is obtained according to
Equation (8), where NP is the number of photovoltaic panels and CLOSS the coefficient of
losses associated with the photovoltaic plant estimated in a photovoltaic plant according to
the Photovoltaic Geographical Information System (PVGIS) [32].

PPV = NP·PMOD·CLOSS (8)

The proposed script operates in hourly time slots with energy units (Wh). The energy
balance for each time slot can be formalized by Equation (9), where EPV is the energy pro-
duced by the photovoltaic installation for a given hour and TS is a time slot corresponding
to 1 h.

EPV = PPV·TS (9)

If the power supply EPV is insufficient to maintain the setpoint of energy delivered
to the electrical grid (EGRID) in a given time slot, the storage system must supply the
remaining power. To calculate the energy extracted from the storage system (EBAT,dis),
Equation (10) is used, where EBAT, dis is the energy drawn or discharge from the storage
system in the current time slot, EGRID is the energy demanded by the electrical network in
the current time slot, ηIN is the efficiency of the inverters associated with the photovoltaic
modules, ηBAT is the efficiency of the inverters associated with the storage system, σ is the
self-discharge coefficient of the storage system [35], and EBAT,h-1 is the energy stored in the
storage system in the previous time slot. In summary, this equation calculates the amount
of energy that must be extracted from the storage system to meet the energy demand of the
electrical network in the current time slot [36].

EBAT,dis = EBAT,h−1·(1 − σ)·
(

EGRID

ηIN
− EPV

)
·ηBAT (10)

If the power supply from the photovoltaic panels (EPV) is higher than the energy
setpoint to be delivered to the electrical grid (EGRID), energy is stored in the storage system.
The amount of energy that is stored (EBAT, cha) is calculated by Equation (11), where EBAT, cha
is the energy introduced into the storage system in the current time slot [36].

EBAT,cha = EBAT,h−1·(1 − σ)·
(

EPV − EGRID

ηIN

)
·ηBAT (11)
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The Matlab script that has been proposed is responsible for organizing the data
extracted from PVGIS and the equations presented in a matrix. Each row of the matrix
represents a time slot of one hour and, sequentially, the energy balance is calculated for
each time slot. The variables shown in Table 1 are represented in each column of the matrix.

Table 1. Summary of input variables to the algorithm matrix.

Name Description Origin Range (Units)

Hour Hour of the day 0–23 (h)
Day Day of the year 1–31 (day)

Month Month of the year 1–12 (month)
Year Year of the simulation 2006–2016 (year)

Irradiance Irradiance on the PV module Database PVGIS 0–1200 (W·m−2)
TA Ambient Temperature Database PVGIS 0–100 (◦C)
TC PV Cell Temperature Equation (6) 0–100 (◦C)

EPV PV Generation Equation (8) 0–100 (kWh)

The script operation in Matlab to perform the net energy balance in the storage system
(EBAT) is carried out at each hour of the day, according to Equation (12). This equation uses
as input the energy stored in the system in the previous hour (EBAT,h−1). However, to apply
Equation (12), it is necessary to comply with certain restrictions related to the operating
ranges of the batteries and inverters of the photovoltaic and battery energy storage system
(PV-BESS). These restrictions are detailed in Table 2 and are considered by the algorithm
in each energy balance calculation. In this way, safe and optimal operation of the storage
system is guaranteed and overload situations are prevented.

EBAT = EBAT,h−1 − EGRID + EPV (12)

After applying the operating restrictions of the storage system, the net balance of
hourly energy (EBAT) is calculated and added to the matrix as another column. In the
simulation, the BESS state of charge (SOC) is initialized to a value of 55% of the nominal
value of the storage system. This initialization is done to ensure that the SOC is within the
safe operating range of the storage system and there are no constraints in the early hours of
the simulation that could affect the AED or MED indicators.

The dimensioning of the system is modified by varying the CPOF and S2P parameters,
which makes it possible to obtain representative indicators of the unavailable energy
in search of the optimal AED or MED. The simulation is carried out over a period of
11 years, which guarantees a significant average of the behavior of the system over time.
Figure 6 shows the flowchart of the algorithm programmed in Matlab used to perform
the simulation.

Table 2. Physical restrictions associated with the PV-BESS system.

Restriction Description Condition

EBAT,MAX Maximum capacity of the BESS. Sum of the nominal capacities of the batteries. EBAT < EBAT,MAX
EBAT,MIN Minimum capacity of the BESS. Product of the rated capacity of the batteries times DOD. EBAT > EBAT,MIN

PINV(PV),MAX Maximum power of the inverter connected to the PV modules. PPV < PINV(PV),MAX
PINV(BAT),MAX Maximum power of the inverter associated to the BESS. PPV < PINV(BAT),MAX

PBAT
Maximum power of the BESS. It is associated to the rated capacity of the batteries and

the discharge curve C1. PPV − PGRID < PBAT
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4. Results

As discussed in Section 2, the purpose of this case study is to analyze the proper sizing
of an installation with photovoltaic panels and battery storage. The system must supply
the electrical network with a constant power set point every hour (EGRID). The power
supplied to the electrical grid is optimized and varied monthly to adapt to fluctuations
in photovoltaic production, as proposed in Section 2. In order to reach a solid set of
conclusions, a sizing analysis is carried out, which is based on two independent approaches.
The first one is based on the use of the AED or MED indicators in relation to the S2P and
CPOF parameters. The second approach consists of the analysis of the generation duration
curves of the system. These complementary approaches make it possible to obtain a broad
vision of the proper dimensioning of the system.

The generation duration curves represent the distribution of power generation over
time, showing the hours in which a constant power is maintained by the PV-BESS. By
identifying the flat area or the number of hours that firm power is maintained, it is possible
to confirm the suitability of the system.

The results obtained from the AED or MED indicators, as well as from the analysis of
the generation duration curves, make it possible to identify the appropriate values of the
S2P and CPOF parameters. By considering a wide range of values for these parameters, it
is possible to evaluate different scenarios and select those that provide optimal and satis-
factory sizing. To achieve this goal, a Matlab simulation was carried out using irradiance
data at hourly intervals over a period of 11 years. The purpose of analyzing this extensive
series of simulated data is to obtain a volume of results representative of the operation of
the system. The irradiance data were obtained from the PVGIS database [32].

4.1. Analysis of the AED Indicator

The evaluation of non-compliance with the constant power supply of the PV-BESS
installation is carried out by quantifying the unavailable energy in hourly intervals through-
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out the entire simulation period. Consequently, the Annual Energy Deviation (AED)
indicator presented in Section 2 is used to measure the energy deficit of the facility.

Figure 7 shows the AED values for different CPOF power setpoints according to its
storage size (S2P). The purpose of this figure is to provide a visual representation of how
the AED indicator values vary with different power setpoints and storage sizes. This
information is essential to identify the optimal combination of power setpoints and storage
sizes that provide energy performance with guarantees of reduced energy unavailability.
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Initially, all the curves represented in Figure 7 show a rapid decrease of the AED
indicator as the storage size (S2P) increases. However, in all the curves there is an inflection
point from which increases in storage size do not produce significant reductions in the AED
indicator. Joining this critical point for each curve in Figure 7 forms a black dashed line
whose trajectory resembles an exponential function. This critical point is considered the
sweet spot for the size of the storage, beyond which it does not make sense to increase its
size. Identifying the critical point is critical to determining the optimal storage size.

To ensure a high firmness of the PV-BESS system, it is proposed to keep the AED
indicator below 5%, which is equivalent to establishing a capacity credit of 95% as proposed
in Section 1. Consequently, the adequate dimensioning of the system to each curve in
Figure 7 is defined as the one in which the AED indicator is less than 5% and is in the
vicinity of the mentioned saturation knee point. To accurately identify the most favorable
operating points of the system, the area of greatest interest is zoomed in on in Figure 7. A
gray shaded area has been delimited that indicates the most beneficial possible operating
points of the system. The points identified in the shaded area have the two conditions
mentioned in common. First, they are below an AED index value of 5%, as shown by the
dot-dash line. Secondly, these points are located in the vicinity of the saturation curve that
is observed in the dashed line.

For Figure 7 and considering the curve corresponding to a CPOF of 0.12, it can be seen
that to reduce the AED indicator from 7.5% to 5%, it is necessary to increase the S2P index
from 1.77 h to 1.94 h, which represents an increase in storage size of 9.6%. However, if you
want to reduce the AED indicator by the same percentage level (from 3.5% to 1%), you
need to increase the S2P index from 2.24 h to 4.11 h, which implies an increase in storage
size of 83.4%. Therefore, it is crucial to select a system operation in zones that are to the
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left of the saturation knee identified in Figure 7, in order to avoid unnecessary oversizing
of storage. According to the mentioned criteria, some examples of suitable sizing can be
identified in Figure 7, above the dashed dotted line. In particular, the 1 MWp photovoltaic
plant guarantees that a capacity credit greater than 95% (equivalent to an AED index of
less than 5%) is supplied, by selecting the following constant power storage and setpoint
combinations: CPOF = 0.12 and S2P = 2 h; CPOF = 0.1 and S2P = 1.65 h; CPOF = 0.08 and
S2P = 1.25 h; CPOF = 0.06 and S2P = 0.9 h.

As defined in Section 2, note that a CPOF value of 0.12 is associated with the supply
of an average annual constant power of 120 kW. On the other hand, an S2P value of 2.2 h
implies the use of storage with a capacity of 2.2 MWh.

To verify the optimization of the system through the monthly adjustment in the power
setpoint, a comparison is made between two systems in Figure 8. The first system supplies
constant power throughout the year, as already discussed in [26]. The second system adjusts
the power setpoint monthly to adapt to the photovoltaic production. In the Figure 8 legend,
next to each CPOF value, it is indicated whether the setpoint is an annual setpoint (A) or
varies depending on the month (M). Although the monthly setpoint varies, at the end of
the year it represents the same CPOF than the constant setpoint, since the setpoint increases
in months of high photovoltaic production and are offset by a reduction in months of lower
photovoltaic production. Therefore, the CPOF in the monthly setpoint (M) is equivalent to
the annual setpoint (A) and they can be compared.

For reduced values of constant power (CPOF of 0.06), it can be seen in the blue curves
of Figure 8 that there is a minimal variation in the AED indicator, and the monthly setpoint
barely improves AED. For example, to ensure AED of 5%, the annual constant power
requires an S2P of 0.87 h, while the monthly constant power requires slightly less storage
with an S2P of 0.82 h.

For high values of constant power, a significant improvement is observed when using
a monthly setpoint instead of an annual setpoint. For example, for a CPOF of 0.10, the
annual target requires an S2P of 1.9 h to maintain an AED of 5%, while the monthly target
only requires an S2P of 1.57 h as seen in Figure 8. For a CPOF of 0.14, the use of a monthly
constant power instead of a yearly constant power significantly reduces the S2P from 4.68 h
to 2.85 h, which is equivalent to nearly halving the required storage. The use of a CPOF very
high and close to the total photovoltaic production generated would be unfeasible with an
annual constant power operation, as shown in the black curve in Figure 8. However, with a
monthly setpoint operation, it would be viable with high storage (S2P = 5.9 h).
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4.2. MED Indicator Analysis

Section 2 formulated the MED indicator to disaggregate the energy deficits of the
system by months, according to Equation (4). Figure 9 illustrates the MED indicator for the
most significant months of the year. The photovoltaic production in December presents
a minimum value, while in July it reaches its maximum value. April and October have
intermediate values.
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Figure 9a shows the MED indicator for an intermediate power reference (CPOF = 0.1).
It is worth clarifying that a CPOF of 0.1 implies that the average firm power setpoint for all
months of the year is 10% of the installation’s peak power. In the box corresponding to the
figure, the constant power that is being supplied each specific month is specified. However,
to each of the MED curves in Figure 9, the PVFACTOR coefficient and Equation (5) are also
applied. Therefore, for the case of CPOF of 0.1 in December the minimum firm power of
62.79 kW is reached and in July, it reaches 126.61 kW due to the monthly correction factor
PVFACTOR shown in Figures 2 and 3a.

It Is observed that, in the month of December, the MED indicator is clearly more
unfavorable for any storage size. The identification of the month with the least capacity
to satisfy the energy demand is crucial to establish the most restrictive conditions for the
design and operation of the system. Meeting a maximum MED indicator of 5% requires an
S2P storage of 1.9 h in the month of December, while for the rest of the year, an S2P storage
of 1.5 h would suffice. The average of the MED indicator for the 12 months of the year is
equivalent to the AED in Figure 7, whose value is 1.57 h. Therefore, for a CPOF of 0.1, it is
proposed to size the BESS with an S2P of 1.57 h that meets a capacity credit of 95% every
month except December. However, if you want to select the most restrictive conditions
imposed by the month of December, S2P must be 1.9 h.

For a high power setpoint (CPOF = 0.14), the MED indicator presents more accentuated
differences, as can be seen in Figure 9b. December remains the most critical month in terms
of renewable energy storage requirements and July remains the most favorable. The box
corresponding to Figure 9b corresponds to the monthly constant power setpoints that are
represented in Figure 3b.

To keep the MED rate below 5% with a CPOF power setpoint of 0.14 in July, S2P
renewable energy storage of 2.39 h would be required, as shown in Figure 9b. This indicates
that, during the month of July, the energy demand can be met with a smaller size of energy
storage compared to other months of the year. However, in December, more energy storage
(S2P of 5.45 h) would be required to keep the MED ratio below 5%. These results highlight
the importance of considering seasonal variations in photovoltaic production. The selection
of an S2P of 2.85 h to keep the AED below 5% in Figure 7 implies that an annual average
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of less than 5% would be met on an annual average. However, as previously indicated in
Figure 9b, in the month of December, an S2P value of 5.45 h would be necessary to keep
the MED ratio below 5%. This means that, in some months of the year, especially those
in which photovoltaic production is minimal, an S2P value significantly higher than that
indicated by the AED may be necessary to guarantee capacity credit above 95%. Therefore,
it is important to consider both the annual value of the AED and the monthly variability
of the MED index when selecting the value of S2P if capacity credits greater than 95% are
sought each month [26].

The situation described suggests expanding the study with the optimization of the
PVFACTOR index from Equation (5), in order to achieve a balance in the MED index and
ensure similar energy deficits each month. The objective would be to increase the power
setpoint in months of high photovoltaic production (June to August) and reduce the power
setpoint in months of low photovoltaic production (November to January). In this study, a
direct correlation has been established between the photovoltaic production of the plant
and the constant power that must be supplied for each month. However, for future research,
the use of genetic algorithms is proposed to analyze an optimal PVFACTOR for each month,
through massive hourly data processing.

It can be seen In Figure 9a that the monthly constant power value can be optimized
for dimensioning with CPOF = 0.1 and S2P = 3 h. In the month of July, the MED index is
zero. This indicates that the batteries have a wide operating margin and the power setpoint
could be increased in July, ensuring a MED of less than 5%.

By increasing the power setpoint in July, the power setpoint in December can be re-
duced in the same proportion, which would reduce both the global unavailability through-
out the year and the unavailability in December.

4.3. Generation Duration Curves Comparison

It is common to use Generation Duration Curves (GDC) to represent the generation
capacity of power plants. In the GDCs, the magnitude to be represented is arranged in
descending order instead of doing it chronologically. The maximum load is plotted to the
left of the curve, and successive loads are plotted in descending order as you move to the
right of the curve.

The area under the GDC represents the energy supplied by the system and, in the
cases proposed in this section, allows analyzing the availability of energy or the capacity
of use of the system. The vertical axis of the GDC represents the hourly energy available
to be supplied to the electrical network (EGRID), while the horizontal axis represents the
percentage of time of the entire simulation in which that energy can be supplied.

The goal is to provide a different perspective to the AED or MED indicator, which
measure the amount of unavailable power in the system. Instead, it is proposed to analyze
the time during which there is energy availability in the system as an alternative indicator.

When selecting a monthly power reference with a CPOF of 0.1, several simulations
were carried out varying the storage capacity (S2P) in order to analyze the power that the
PV-BESS system delivers to the electrical network (EGRID). Figure 10 shows the results of
these simulations. In the GDC, an almost flat zone is observed corresponding to the time in
which a constant power is being supplied to the electrical system.

The curve corresponding to S2P = 0 h in Figure 10 represents a system without storage,
and it is the only one that does not present a flat zone in the GDC. In this case, the delivery
of constant power to the electrical system cannot be guaranteed, and the energy supplied
to the electrical grid corresponds directly to the generated photovoltaic energy. Decreasing
power supply is guaranteed up to almost half of the simulation period.

In Figure 10, the curve for S2P = 1.5 h shows that the system is capable of supplying
constant power up to 93.8% of the simulation period. From S2P = 3 h, it is guaranteed
that more than 99% of the simulation period the target power is supplied. However, it
is important to note that increasing S2P does not necessarily imply a reduction of excess
energy with respect to the constant power reference. In the curves corresponding to SP2 of
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1.5 h, 3 h, and 6 h of Figure 10, a minimal variation in the excess energy of the system is
observed. During up to 22.8% of the simulation period, excess energy occurs with respect
to the power set point.

Energies 2023, 16, 4909 18 of 22 
 

 

distinguished because EGRID does not present a flat shape in the GDC. For a CPOF of 0.06, 
the three storage sizes maintain a constant level of excess energy of 29.1%. for a CPOF of 
0.1, the excess energy is around 21%. Only for the CPOF of 0.14, there is a variation in the 
excess energy between 14.2% and 19.5%. 

 
Figure 10. Generation duration curves with CPOF of 0.1, varying S2P. 

  
(a) (b) 

 
(c) 

Figure 11. Generation duration curves with various CPOF: (a) Case S2P of 1.5 h (low capacity of the 
BESS); (b) Case of S2P of 3 h, medium capacity or the BESS; (c) Case of S2P of 6 h, high capacity of 
the BESS. 

Figure 10. Generation duration curves with CPOF of 0.1, varying S2P.

It may be convenient to reduce the photovoltaic production by adjusting the operating
point of the photovoltaic inverter in the event that an excess of energy supplied to the grid
may imply penalties. In this way, constant power could be guaranteed in the period in
which the energy surplus is obtained, which in this case corresponds to the time frame up
to 22.8% of the simulation period, as observed in the curves for S2P of 1.5 h, 3 h, and 6 h of
Figure 10.

Proper selection of storage size (S2P) is essential to optimize the number of hours in
which constant power can be guaranteed throughout the simulation period. The GDCs
shown in Figure 11 illustrate the number of hours that the system is capable of supplying
the energy demanded by the electrical grid (EGRID) for different storage levels, including
low, medium, and high.

Figure 11a aims to represent the influence of the CPOF parameter for a low storage
value (S2P = 1.5 h). For a CPOF of 0.06, the constant power value is guaranteed during the
entire simulation period (>99% of the time). Increasing the CPOF at 0.1, you could keep the
power value constant up to 94.3% of the time. For a constant high power with a CPOF of
0.14, the supply is guaranteed for 78.9% of the time.

In Figure 11b, the storage value is increased to an intermediate level (S2P = 3 h). With
a CPOF of 0.06 and 0.1, the constant power can be supplied most of the time. For a CPOF
of 0.14, constant power can be maintained for 95.1% of the time. Therefore, increasing the
value of S2P compared to Figure 11a generally increases the number of hours that constant
power can be supplied for each CPOF.

Figure 11c represents an oversizing of the storage system with a value of S2P equal to
6. For the values of CPOF as shown, it can be seen that constant power can be guaranteed
practically throughout the simulation time, due to the significant reduction in energy
deficits that involves using the backup of a very large storage system.

As has been noted, the increase in S2P increases the number of hours in which the
monthly constant power can be maintained, which seems logical since the storage system
acts as a backup. However, it is significant that in the three graphs of Figure 11, it is
observed that increasing storage (S2P) hardly reduces excess energy. Excesses of energy are
distinguished because EGRID does not present a flat shape in the GDC. For a CPOF of 0.06,
the three storage sizes maintain a constant level of excess energy of 29.1%. for a CPOF of
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0.1, the excess energy is around 21%. Only for the CPOF of 0.14, there is a variation in the
excess energy between 14.2% and 19.5%.
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In Figure 7, it has been shown that, for a CPOF of 0.1, selecting a storage capacity that
is twice the installed peak power of the photovoltaic plant (S2P = 2 h) guarantees a capacity
credit of 95%. In Figure 11, it is confirmed that for a CPOF of 0.1, with an S2P storage size
of 3 h or 6 h, constant power (>99%) can be delivered virtually all the time. Only for S2P
= 1.5 h, availability is reduced to 94.3% of the time. In conclusion, the values of S2P from
1.5 h to 3 h are an adequate sizing to guarantee a high-capacity credit while maintaining a
CPOF of 0.1.

Using the battery manufacturer’s datasheet [31], the degradation is identified in each
segment of the rainflow-counting method, resulting in an average of 1.7% degradation.
This quantitative indicator provides a general estimate of the loss of efficiency and capacity
of the storage system due to the degradation factors identified throughout the charge and
discharge cycles. Such small degradation percentages do not have a significant influence
on the ED indicators of the system.

5. Conclusions

This paper proposes an adequate sizing and operation of a system formed by a
photovoltaic plant and a battery storage system in order to provide firmness to photovoltaic
power generation. The system model has been described, indicating its corresponding
parameters and indicators.
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A long-term simulation was carried out using Matlab software in order to identify the
indicators of unavailability. The simulation was carried out through massive vector data
computation, which enabled the analysis of large amounts of operations in a short period
of time.

The power setpoint was adjusted for each month of the year, based on the expected
photovoltaic production. The objective was to guarantee a constant power supply or a
capacity credit of 95%.

According to the simulation results, the photovoltaic plant guarantees a supply of an
annual capacity credit of more than 95%, and does so by selecting combinations of constant
power setpoint and storage ranges around the following values: CPOF = 0.12 and S2P = 2 h,
CPOF = 0.1 and S2P = 1.65 h, or CPOF = 0.06 and S2P = 0.9 h.

If the month with the lowest photovoltaic production is considered, S2P must be
oversized with respect to an annual analysis that meets a 95% capacity credit. For example,
for a CPOF of 0.1, it is proposed to size the BESS with an S2P of 1.57 h (AED < 5%).
However, the analysis of the more restrictive conditions imposed by the month of December
(MED < 5%) shows that S2P should be oversized to 1.9 h. The analysis of the Load Duration
Curves confirmed that for an intermediate power set point with CPOF of 0.1 and a large
storage size with S2P between 3 h and 6 h, constant power can be supplied practically all
the time (>99%). Reducing the storage size to S2P = 1.5 h reduces the system availability
to 94.3% of the time. It can be concluded that S2P values between 1.5 h and 3 h are
adequate sizing. With adequate monthly power setpoints, the AED and MED indicators
are improved. The case study is specific to a specific geographic location; however, all the
conditions and equations of the model have been identified so that they can be reproduced
in any scenario and hourly period by introducing an irradiance and temperature matrix in
hourly periods. Batteries are experiencing a drastic drop in costs, and this trend is expected
to continue. Therefore, in this study, an attempt was made to make an abstraction of the
conventional techno-economic analyses that are commonly found in the bibliography. The
objective was not the minimization of storage costs, but the identification of a suitable
point of operation that avoids unnecessary oversizing of the storage system. The energy
analysis carried out reveals the existence of a saturation zone or elbow from which, for
each power set point, it is not justified to increase the storage capacity, since no significant
improvements are observed in the reduction of energy unavailability. Although the study
was carried out for a particular case, its results can be extrapolated to any scenario that
involves the combination of photovoltaic systems and energy storage systems. This is due
to the fact that the algorithm used was designed in a general way, and it would only be
necessary to make modifications in the specific parameters of the system to adapt it to each
particular case.

Within the framework of ongoing research and considering future lines of work, we
established the objective of incorporating a detailed analysis of degradation phenomena.
This approach will provide a clear view of the charge and discharge processes, as well as
their degradation.
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Abbreviations
PV-BESS Photovoltaic plants with Battery Energy Storage Systems
PV Photovoltaic
EEA European Environment Agency
VAR control Volt–Amps Reactive control
CCGTs Combined-Cycle Gas Turbines
BESS Battery Energy Storage System
CapEx Capital Expenditures
OpEx Operational Expenditures
O&M Operation and Maintenance
CSP Concentrated Solar Power
S2P Storage to Power ratio (h)
CBESS Capacity of Battery Energy Storage System (MWh)
PPV Peak Power of Photovoltaic plant (MW)
CF Capacity Factor (%)
EPV,AN Annual Energy production (MWh)
CPOF Constant Power Operation Factor (p.u.)
PGRID Power to be supplied to the grid (MW)
EGRID Energy to be supplied to the grid (MWh)
ED Energy Deficit indicator (p.u.)
EPV Energy production of Photovoltaic plant
AED Annual Energy Deficit indicator
MED Monthly Energy Deficit indicator
PVFACTOR Monthly photovoltaic factor (p.u.)
DoD Depth of Discharge of BESS (%)
SoC State of Charge of BESS (%)
GM Average solar radiation on the photovoltaic plane (W · m−2)
TA Ambient temperature (◦C)
TC Temperature of the photovoltaic cell (◦C)
NOCT Nominal Operating Cell Temperature (◦C)
PMOD Power produced by a photovoltaic module (W)
PN Nominal power of the photovoltaic module (W)
GSTC Irradiance under standard test conditions (W · m−2)
γ Temperature coefficient of photovoltaic module (% · K−1)
NP Number of photovoltaic modules
CLOSS Coefficient of losses associated with photovoltaic plant (p.u.)
TS Time slot (h)
EBAT,dis Energy discharging BESS (MWh)
ηIN Efficiency photovoltaic inverter (%)
ηBAT Efficiency BESS inverter (%)
σ Self-discharge coefficient of BESS (p.u.)
EBAT,h-1 Energy in BESS in the previous time slot (MWh)
EBAT,cha Energy charging of BESS (MWh)
EBAT,MAX Maximum capacity of the BESS (MWh)
EBAT,MIN Minimum capacity of the BESS (MWh)
PINV(PV),MAX Maximum power of the photovoltaic inverters (MW)
PINV(BAT),MAX Maximum power of the battery inverters (MW)
PBAT BESS Power (MW)
GDC Generation Duration Curve
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