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ABSTRACT: The growing concern for energy efficiency and the increasing deployment of intermittent renewable
energies has led to the development of technologies for capturing, storing, and discharging energy. Supercapacitors
can be considered where batteries do not meet the requirements. However, supercapacitors in systems with a slower
charge/discharge cycle, such as photovoltaic systems (PVS), present other obstacles that make replacing batteries more
challenging. An extensive literature review unveils a knowledge gap regarding a methodological comparison of batteries
and supercapacitors. In this study, we address the technological feasibility of intermittent renewable energy generation
systems, focusing on storage solutions for PVS energy. We propose a framework according to one of the essential
parameters for their application in PVS: Energy Density or Specific Energy (Wh/kg). Through computational modelling,
issues related to the intermittency and seasonality of the solar energy source are addressed, evaluating the possible
benefits of implementing batteries, supercapacitors, and hybrid solutions in renewable energy generation systems. Also,
the characteristics of two hypothetical configurations of photovoltaic systems, off-grid and on-grid, were analysed.
This analysis highlights the characteristics of totally isolated systems (e.g., on an island or remote village) and systems
connected to the grid (e.g., solar farms), where eliminating the use of batteries can bring significant benefits, in addition
to tax incentives, which are decisive in the investment decision-making process. The results clarify the viability of
PVS and allow an understanding of parameters that can support the technical decision process between isolated or
non-isolated systems, reflecting economic and financial issues.

KEYWORDS: Energy efficiency; feasibility analysis; optimization; photovoltaic; solar farms; batteries and
supercapacitors

1 Introduction
L1 Background

A simple way to understand how to control energy is to decompose it into time and power. As electrical
energy is directly proportional to these two factors, from a consumption point of view, reducing at least one
of them already reduces the energy involved in a process. On the other hand, from a production approach,
increasing one of these factors can increase the generated energy and system efficiency for both cases. Not
leaving aside the quality requirements of the energy before and after that reduction or increase.
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In the same way, the vision of systems and processes clarifies the definition of boundaries during the
energy analysis processes. It proves fundamental to measuring the effects of energy reduction or increasing
actions in a system, aiming at its more efficient consumption or production, respectively, which reflects
directly in energy efficiency [1].

The analysis of renewable energy sources considering these components (time and power) under a
systemic approach can bring a complete view of energy efficiency, for example, including storage devices
in conjunction with photovoltaic panels, to circumvent the time aspects of seasonality over the months
and the intermittency throughout the days, inherent to the incidence of sunlight, also, including the power
conversion efficiency, in this case, the conversion of solar radiation into electrical power.

Energy conversion efficiency (ECE) refers to the amount of useful energy obtained from a conversion
divided by the energy used.
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WinlJ]

However, as mentioned by Ghosh and Yadav [2], the most commonly and widely used parameter for
comparing different PV technologies is power conversion efficiency (PCE), which can be written as follows.

pc = P W]
P, [W]

ECE = x 100[ %] 1)

x 100[ %] ()

Energy is power integrated over time, as power is the rate at which work is done or transmitted energy.

B(1)= [ :J“ P (t) [W]de[Ws]or[KWh] 3)

The same authors state that PCE limits are fundamental to manufacturers, project developers, con-
sumers, and all stakeholders as they affect energy efficiency, the Levelized Cost of Energy (LCOE) [3], and
eventually, the financial feasibility of the projects.

1.2 Brief History: Evolution of Solar Panel’s Intrinsic Efficiency

In a review work, Sing [4] points out that Solar Power is the conversion of sunlight into electricity,
either directly using photovoltaic (PV) or indirectly using concentrated solar power (CSP). The following
considerations are based on the direct photovoltaic energy conversion efficiency.

A brief timeline of PV can reveal its evolution over the last two centuries since Alexandre-Edmond
Becquerel discovered the photovoltaic effect in 1839. Heinrich Hertz confirmed the effect experimentally
in 1887, and Albert Einstein explained it in an article published in 1905, which was translated into a book
by Arthur Miller in 1981 [5]. In 1883, when Charles Fritz developed the first photovoltaic cell, its power
conversion efficiency was less than 1%.

In 1954, three papers from the USA were published in the American Physical Society journals, reporting
advances in research in the field of PV. Loferski quantified the capability of semiconductor p-n junction
devices in converting the energy of incident radiation into electricity, with a significant increase compared
to the previous century [6]. At that time, the power conversion efficiency reached a new level of 11%.

In 1962, research published by Shockley and Queisser [7] calculated the theoretical limit value of the
PCE, defined as the Shockley-Queisser limit (SQ), and presented the maximum efficiency for a photovoltaic
device based on a p-n junction, called the detailed balance sheet efficiency threshold, as being up to 30%.
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Nowadays, the most common technologies of PV cells are, Crystalline Silicon (Si), Single-Junction
Gallium Arsenide (GaAs), Multi-junction Cells (2, 3, 4 and more junctions), Thin Film (amorphous-Si, CdTe,
Copper Indium Gallium Selenide—CIGS), and also the emerging technologies, e.g., Dye Sensitised Cells
(liquid electrolyte), Organic Cells, Inorganic Cells, Perovskite Cells, Quantum Dot Cells and Carbon Nano
Tube (single and multi-walled) [2].

Concerning the classical Crystalline Silicon (single-Si, multi-Si, Si-Heterostructures—HIT and Thin
Film Crystal) technologies, in 2013, according to Richter et al. [8], the theoretical power conversion limit
efficiency was estimated to be 29.4%. On a laboratory scale, achieving 25% efficiency was reported in1999 [9],
and a slight improvement in the efficiency value has been achieved since then. These publications, combined
with values recently published in the journal Progress in Photovoltaic about Solar Cells Efficiency for the
last 30 years [10], allow us to assume that future PV cell PCE improvements will probably come from the
above-mentioned technologies.

The Eq. (5) describes the efficiency of a solar panel by relating the maximum power that can be obtained
according to its functional area and the amount of solar irradiance.

Pinax [W]
Area[m?] - Irradiance[ -5 |

SolarPanelEfficiency (SPE) = [%] (4)

From Eq. (5), it is possible to extract, for the same level of solar irradiance (e.g., 1000 W/m?), the
relationship between Pmax, SPE (%) and the solar panels Area (m?).

Ppax [W] = Solar Panel Ef ficiency (SPE) [%] - Irradiance [%] - Area[m*] (5)

The insertion of values in this Formula (5) allows us to observe that for solar panel efficiencies (SPE),
the effect obtained by incrementing 1% in the efficiency results in power increments (P,,,,) that can also be
obtained with area increments of 1%. Despite being a simple inference drawn from the linear dependence of
these variables, it is interesting to note the need to increase the area of the panels to match the variation in
power obtained by increasing the intrinsic energy conversion efficiency of the panels.

Solar panels on the market have already reached efficiency levels of around 20%. Intrinsic gains in
efficiency of 100% would lead to panels having an efficiency of around 40%, reducing the required area for
the same installed power by 50%. Still, in this example, an increase in panel area by 100%, considering panels
with 20% efficiency, would bring the same effect in terms of installed power as the 40% intrinsic efficiency
of the panels, historically more challenging to obtain. This means that, although the intrinsic efficiency gains
of solar panels are welcome when the spatial aspects of the systems are not critical, panel sizing that focuses
on the panel area can meet the energy demands of a large proportion of consumers.

Such a comparison, far from minimising the importance of efforts to increase the intrinsic efficiency of
panels, aims to show the relevance of the advances already achieved in this aspect [11].

The system view approach to measuring energy efficiency leads us to consider the need to promote
advances, such as those mentioned above about the intrinsic efficiency of panels, in minimising losses and
waste of energy produced [12]. Aspects such as the intrinsic efficiency of devices for storing the energy
produced could bring more timely results for energy efliciency in general. Also, aspects such as connecting
these energy generation systems to the grid to obtain storage functionality circumvent the issue of solar
irradiation intermittency.

These considerations led us to focus this research on the energy efficiency of solar photovoltaic systems
and their energy storage aspects [13] to find information that can add value to existing and future systems.
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This study will raise relevant aspects of electrical energy storage devices, in the electronic aspect,
restricted to batteries and supercapacitors. However, in future work, solutions such as devices involving
reversible hydroelectric plants, kinetic flywheels, and hydrogen may be included in this comparison.

1.3 Gap of Knowledge

When comparing batteries and supercapacitors, one interesting aspect is the inversion of characteristics
between energy and power density, suggesting that these solutions could complement hybrid energy storage
systems [14,15]. These characteristics can be observed in the Ragone Plot [16]. A literature review shows that
the studies regarding this combination are more focused on solutions for mobile use with fewer, however
crescent number, of studies related to solutions for networks powered by photovoltaic systems [14,17,18].

1.4 Novelty of This Work

This work aims to establish a dynamic list of factors that compare energy storage systems (ESS). Also, it
is expected to serve as a basis for future analyses and include new factors that can provide criteria for deciding
when to use the systems and whether they should be used separately or in hybrid mode (HESS) according
to the desired applications.

These studies focus on modelling off-grid and connected solar generation plants [19], mainly commu-
nity solar farms. In these cases, factors such as the system’s mass and volume do not necessarily represent the
most critical constraints without failing to prioritise the system’s intrinsic efficiency.

2 Materials and Methods

This work was divided into two main parts. The objective was to establish a minimum set of parameters
to compare two electrical energy storage systems, batteries and supercapacitors. Next, two solar plant systems
were analysed to meet the same demand of island inhabitants and verify the application of the energy
storage system.

The first part refers to a comparative analysis through parameters of the characteristics of the energy
storage systems, namely batteries and supercapacitors. Aspects such as Operating Principles, Voltage Source,
Energy and Power Density (Mass and Volume) and Temperature Ranges are analysed. More relevant aspects
are proposed for future studies.

The second part is a hypothetical case study involving modelling two scenarios of Photovoltaic Plants
meeting an island’s energy demand. Scenario 1 considers the system oft-grid and uses batteries. In Scenario
2, the system is on-grid, that is, connected to the distribution network of the nearby concessionaire, and
batteries are not considered. The electrical network stores excess energy.

The photovoltaic plant’s energy production, consumption, storage, and export were modelled, simu-
lated, and optimised. The graphs generated were implemented in MS Excel using formulas relating, for
example, the hourly sunlight data of the region under analysis, extracted from the Energy Plus website [20],
with the performance information of the manufacturers of the solar panels and batteries adopted.

Data related to energy production and consumption were distributed hourly, daily, monthly, and
annually to consolidate and analyse the model’s financial and economic aspects and obtain reliability
in calculations.

The consumption profile developed for the simulations considers the island’s 4000 inhabitants, dis-
tributed across approximately 1300 residences (local businesses are located in some residences) and public
lighting. As detailed in the case study, this profile intentionally results in peak energy consumption outside
of sunlight hours, either due to the islanders’ habits or lighting consumption.
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The LCOE is the economic assessment of the average total cost to build and operate a power-generating
asset over its lifetime, that is, the Life Cycle Cost (LCC) divided by the total energy output of the asset over
that lifetime, which could be called Life Cycle Energy (LCE). The LCOE can also be considered the average
minimum cost at which electricity must be sold to ensure the feasibility of the project over its lifetime [21].

o I; + O; + M,
f=1—'t
LCOE:LCC: (1+1) [ € ] )
LCE o E; kWh
=+ i)t

where:
LCC: Life Cycle Cost at a Net Present Value (€)
LCE: Life Cycle Energy (kWh)
I;: Investment expenditures in the year t (€)
O;: Operation expenditures in the year t (€)
M,: Maintenance expenditures in the year t (€)
E;: Electricalenergygeneratedinyeart (€)
i: Annual nominal discount rate (%)
n: Expected lifetime of the power-generating system (y)

The real discount rate (r), considering the general energy price inflation rate (I), can be obtained
from Eq. (7).

_(1+14) ~

r= D) 1[%] (7)

where:
r = Real discount rate (%);
i = Nominal discount rate (%);
I = General energy price inflation (%).

For the LCOE calculations, considering Brazil, annual values for the nominal discount rate of 7.00%
and an energy price inflation rate of 3.50% were adopted, resulting in a real discount rate of 3.38%, obtained
through Eq. (7). The time frame for the life cycle was 30 years.

3 Energy Storage Comparison Points
3.1 Operating Principles

A rechargeable battery is one or more electrochemical cells that convert stored chemical energy into
electrical energy during a discharge process or electrical energy into chemical energy during a charging
process [22]. The Handbook of Batteries [23] explains that an electrochemical cell is a chemical device
for generating or storing electric energy. It consists of a positive and negative electrode, separated by an
electrolyte. The electrolyte is an electronic insulator that can conduct ions between the two electrodes. The
positive and negative electrodes are immersed in the electrolyte, and the reacting substances are usually
stored within the electrodes, sometimes in the electrolyte. The chemical reactions associated with the energy
conversion take place at the two electrodes. During discharge, the negative electrode contains the oxidised
substance (i.e., releases electrons), while the positive electrode contains the reduced oxidising substance (i.e.,
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accepts electrons). Those electrons pass through the external load, thereby doing valuable work. When the
battery is charged, this reaction is reversed, and a corresponding amount of energy from an external source
has to be supplied to the cell.

Supercapacitors lay in the middle ground between batteries and conventional capacitors. Electric
Double-Layer Capacitors (EDLC) take advantage of the electro-ionic charge storage induced in the elec-
trochemical double layer of high-surface-area carbons, whereas electrochemical supercapacitors rely on
electroactive phases which undergo faradaic redox processes limited to the electrode-electrolyte interface
leading to a so-called pseudocapacitance [24].

3.2 Voltage Source

Assuming a circuit with a direct voltage source (Vo) and a capacitor with capacitance (C) and a
Resistance (R) during the charging period and subsequently, after the switch (A), the same capacitor is
connected to a Resistance or Load (R’) during the discharging period (Fig. 1).

Figure 1: RC circuit

The factor 7 = RCis the circuit constant time. With V(t) being the voltage on the capacitor, the following
equation determines the form of this voltage according to the voltage source charging the capacitor over
time.

Q(t)=C-V(t)=> V(t)=¥:Vo(l—e_?) Charge (8)
Q(t)=C-V(t)=>V ()= # =Vo (e:Tt) Discharge 9)

If the exact value of R for events, charge, and discharge is considered, a graphical representation will be
as follows (Fig. 2). The capacitance constant (7 = RC) is the same.

Consider a value of R’ = 10 for the same circuit above. R during the discharge of the capacitor (C) will be
represented graphically as follows (Fig. 3). That is, the capacitance constant (7 = RC) is now ten times (blue)
of that from the charging period (red).

The examples shown above illustrate that the charge and discharge curves of a capacitor (as well as that of
a supercapacitor) directly reflect the voltage, which makes using capacitors as a voltage source inappropriate.
These curves also demonstrate the characteristics of capacitors that are suitable for meeting power demands
in a short time (Power = Energy/Time). However, less energy for extended periods (Energy = Power - Time).
Remembering that “Time” is equivalent to the capacitance constant above, 7 = RC. Characteristic charge
and discharge curves for supercapacitors can be found, for example, in a review study published by Noori
et al. [25], where the characteristics of Capacitors, Supercapacitors (EDLC and Pseudocapactitors), Hybrid
Systems and Batteries are discussed in detail.
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Figure 2: Capacitor charge and discharge curves (7 = RC)
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Figure 3: Charge (7 = RC) and discharge curves (7 = 10RC)

Even increasing the energy density of supercapacitors, which is characteristic of storing energy per
unit of mass (Wh/g) and delivering this energy in the form of power (W), it is clear that this energy
is extinguished quickly. Techniques and mechanisms are needed to overcome this characteristic, mainly
when supercapacitors are used separately without batteries. The latter has a very prominent voltage source
characteristic with a relatively flat profile, as shown in the following graphic (Fig. 4).

The examples above show that the speed with which supercapacitors absorb energy is penalised by the
speed with which they deliver this energy and how this compromises the voltage between their electrodes.
Compared to batteries, there is a clear point of complementarity between the two and a significant gap to be
filled with the evolution that supercapacitors have ahead.
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Figure 4: Batteries discharge curves—Extracted from [23]

3.3 Energy Density and Power Density (Mass and Volume)

There are two fundamental types of batteries: (1) primary cells, commonly referred to as non-
rechargeable batteries, and (2) secondary cells, also known as rechargeable batteries [23]. Within this
classification, other sub-genres are also used to better classify batteries based on particular structures or
designs [25], some of these the following: (a) Stationary x Flow Batteries, (b) Dissolution/Deposition x
Intercalation/De-intercalation-based Batteries, (c) Closed x Open Batteries, (d) Aqueous x Non-aqueous
Batteries, (e) Solid Electrolyte (dry) x Liquid Electrolyte (wet) Batteries, (f) Acidic x Alkaline Batteries.

Still, according to [25], from a thermodynamic point of view, the potentials of typical batteries are almost
constant in the operating potential window, evidenced by a plateau in charge-discharge profiles. A cell’s

potential measures the maximum energy per unit charge available for work when the charge is transferred
through an external circuit.

Work (J) :W(])
Charge (C) q(C)

Potential (V) = Voltage (V) =E(V) = (10)

In other words, one Joule (J) of work is the work done to move one Coulomb (C) of electric charge
between two points with a potential difference of one volt (V). However, if the work flows out of the system, it
is assigned a negative sign, whereas the potential of such a system is positive. Considering that the charge of
1 mol of electrons is a constant called the Faraday constant (F = 96,485.33 C/moL). This is not to be confused
here with Farad (F) = Coulomb/Volt, which is the capacitance measurement of the capacitors, shown below.

_-w)
E(V)= 2(C) (11)
or
W(J)=-q-E=-n-F-E (12)

where 7 is the number of electrons transferred per mole, in batteries, electrons are transferred from one
molecule or atom to another via redox reactions.
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The Handbook of Batteries [23] states that the capacity of a cell can also be considered on an energy
(watt-hour) basis by considering both the voltage and the quantity of electricity. This theoretical energy value
is the maximum value that a specific electrochemical system can deliver:

Watthour (Wh) = Voltage (V) - Amperehour (Ah) (13)

The energy density, or specific energy (also called gravimetric energy density), of a battery system
reflects the hours of service each battery type (normalised to 1 kg battery weight) will deliver at various power
levels (discharge current, midpoint voltage) to an end voltage usually specified for that battery type. The
following equation can determine the energy density.

Specific Energy = Specific Power - Hoursof Service (14)
or
Energydensity = Power density - Hoursof Service a15)

or in SI units

W_hzﬂ.h:A'V’h (16)
kg kg kg

In a Zn/Cl, cell, for example, if the standard potential is taken as 2.12 V, the theoretical watt-hour
capacity per gram of active material (theoretical gravimetric specific energy or theoretical gravimetric energy
density) is:

h h h
Specific Energy (W—) =2.12 (V)-0.394 (Ah) = 0.836 (W—) or 835 (\1/1]_) (17)
g g g

In contrast to a conventional battery, where electrolyte-mediated isolation harnesses a spontaneous
redox reaction between species with different potentials, conventional capacitors are formed by two identical
conducting electrodes, which are polarised and store charge proportional to the voltage applied.

4(C) = C(F)-E(V) 13)
C(F) - % (19)

where ¢ is the charge in coulombs (C), C is the capacitance in Farads (F), and E is the potential or voltage in
volts (V).

Energy stored (J) in a Supercapacitor follows the equation.

4(C)-E(V) _C-E* _ ¢

Weap() = =73 2 2.¢C

(20)

From a geometric point of view, the capacitance (C) is directly proportional to the area of the electrodes
(A) and inversely proportional to the separation distance (d) between them, which is separated by a dielectric
with permittivity (e).
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e-A
C=——
d

(21)
The conception of double-layer supercapacitors led to orders of magnitude improvement in energy

density by storing charge at the interface between a carbon electrode and an electrolyte by forming a
Helmbholtz double layer upon polarisation [26].

Double-layer supercapacitors are sometimes called electrochemical double-layer capacitors
(EDLC) [27]. Using carbide-derived carbons with pore sizes smaller than 1 nm showed that ions diffuse
through these ultramicro pores upon desolvation and contribute to increased capacitance values [28].

The large capacitance (C), and hence energy storage potential of supercapacitors arises due to the small
(<1 nm) separation (d) between electrolyte ions and carbon and high (typically 500 to 2000 m?/g) specific
surface area (SSA) of carbon electrodes according to the equation above. According to [29], at least three main
categories concerning electrode materials are carbon-based, metal oxides and polymeric. A comprehensive
review of possible electrode materials suitable for supercapacitors is given by [30-33].

A geometrical observation of the effect of porosity and its importance for the SSA could be verified
supposing the porous as perfect spheres and calculating the number of spheres (diameter of 1 nm) possible
to fulfil a cube of 1 cm?, dividing 1E-6/(1E-9)?, that results in 1E21 spheres. The volume of these spheres would
be, 1E21-((4/3)-7-((1E-9)/2)?), that results 0.52 cm”. It is interesting to observe that 52% of the total volume
(1 cm?) is occupied by the spheres of the porous material (e.g., carbon), leaving practically half the space for
some other material. Concerning the total surface area of the 1E21 spheres of the porous material, in this
hypothetical example, it would be 1E21-(4-7-((1E-9)/2)?), which would result in 3142 m?. Different densities
of porous carbon material [34] available in the market allow us to verify that the magnitude of the SSA, as
mentioned above, is perfectly feasible.

Because SSA is explicitly related to pore size, understanding its effect on specific capacitance is especially
important. Numerous studies have been conducted on this subject over the past decades [35-39]. The
following studies can also be considered [40-43].

In their recent study on the construction of supercapacitors, Behzadi et al. [44] point out that various
nanocomposites have been used to fabricate electrodes. However, nanocomposite electrodes based on two-
dimensional (2D) nanomaterials have received much attention recently due to their unique properties. These
authors emphasize that the recent development of supercapacitors has been summarized mainly concerning
nanosheet electrodes. In their study, they also compare the types of supercapacitors based on electrode
materials, cyclic stability, specific capacitance, power and energy densities for 2D nanomaterial electrodes.
They discuss new findings of critical nanosheet-based supercapacitors, including MXenes, Graphene and
Carbon nanomaterial electrodes.

As stated by Schneuwly and Gallay [45], supercapacitors may be used wherever high-power delivery or
electrical energy storage is required. Therefore, numerous applications are possible. The use of supercapac-
itors allows the complementation of standard batteries. In combination with batteries, the supercapacitors
improve the maximum instantaneous output power and the battery lifetime. A series connection can be
implemented to increase the voltage across a supercapacitor device. The same authors propose an active
voltage repartition device that ensures optimal efficiency and no overvoltage over any supercapacitor.

In recent studies with supercapacitors [46], an ionic liquid was used as the electrolyte reached an energy
density of 63.3 Wh/kg at a power density of 300 W/k. As reported by Asl et al. [47], higher results are obtained
in studies involving advanced materials such as electrodes [47].

Typical supercapacitors available on the market today [48,49] have the following specifications, worth
briefly showing here: Capacity = 3000 F, Voltage = 2.7 V, Energy Storage Capacity = 3.04 Wh. The energy
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stored in a supercapacitor is obtained from the following equation, considering that 1 W - s =1, or 1 W
-h/3600 =17, and therefore, 1 W - h = 3600 J [50].

4(C)-E(V) _C-E_ ¢

Wca = 22

»U) 2 2 2.C (22)
3000 - 2.72 10,935

Weap (J) = ———— =10,935 (J) or —0= = 3.0375(Wh) (23)

The following equation can be used to relate the unit of energy stored in a supercapacitor to the typical
unit used by batteries (Ah).

Watthour (Wh) = Voltage (V) - Amperehour (Ah) (24)
or
Energy Stored (Ah) = % =1.125(Ah) (25)

Typical stationary batteries used in Photovoltaic Solar Systems (PVS), found on the market today, are
270 Ah and 12 to 25.6 V. Therefore, taking into account only the amount of energy to be stored, to replace,
for example, one 270 Ah battery with 1125 Ah Supercapacitors, 240 units would be needed.

3.4 Temperature Range

Batteries can only discharge and store electricity over a relatively narrow range of temperatures. Battery
performance is low at low and high temperatures, which shortens the battery life and causes serious safety
hazards. The ability of supercapacitors to store and release high power in extremely cold environments is
another reason why they are feasible for renewable energy applications [15]. Studies on the behaviour of solar
panels in extreme temperatures also complement this subject [51].

Studies relating the various factors that influence supercapacitors’ power and energy density demon-
strate the relevance of temperature in these results, as shown in the Ragone Plot (Fig. 5) extracted from [52].
At -25°C and 80°C, the maximum energy densities are 30.5 and 60.25 Wh/kg, respectively. The authors
explain that as the temperature decreases, the viscosity of the gel electrolyte gradually increases, and the
mobility of the internal ions decreases, and, with high current densities, this results in a sharper drop in
performance at low temperatures than it does at higher temperatures.

In a recently published literature review in the MDPI Batteries Journal [53] about the “Thermal
Behaviors and Thermal Management Systems for Supercapacitors’, the authors state that, at present, lithium-
ion batteries and supercapacitors are the two most extensively employed energy storage devices [54].
The same authors [53] reached conclusions that help us deepen the analysis of the thermal behaviour of
supercapacitors, which are briefly mentioned in the following three paragraphs.

The temperature varies between various kinds of SC during the charging and discharging process.
Therefore, several models have been derived to account for temperature changes. In practical situations, the
appropriate model is selected to compute the temperature distribution by accuracy and calculation time. In
addition, SC has been less studied in thermal runaway, concentrating on thermal failure, overcharge/over-
discharge, and nail penetration tests.
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Figure 5: Ragone Plot related to temperature—Extracted from [52]

Air cooling systems primarily employ airflow to alter capacitors’ surface temperature. Additional devices
change the air flow rate, which influences heat dissipation. However, the forced air cooling system is
constrained by the air duct design, making it impossible to guarantee temperature uniformity in capacitors.
Liquid cooling systems require better sealing, with high demands on waterproofing, which is typically more
complicated to devise than air cooling systems. In general, liquid cooling systems are relatively less researched
in SC.

PCM (Phase Change Material) does not require additional energy consumption, thus suppressing the
rise in the temperature of capacitors. Nevertheless, the low thermal conductivity of materials proves to
be a problem. By adding an aluminium mesh to the PCM for capacitors and combining it with other
thermal management systems, the heat between components is better transferred to decrease the capacitors’
temperature. Furthermore, with the relatively new usage of heat pipes in thermal management systems, there
is a need to investigate further the potential of integrating heat pipes with active or passive cooling systems.

3.5 Comparison Points for Future Work

As stated before, this work aims to establish a dynamic list of factors used to compare energy storage
systems (ESS), and the following topics can be included in future work due to their relevance, which are
the following: (1) Current Source, (2) Energy Source, (3) Physical Aspects, (4) Charge/Discharge Time, (5)
Charge/Discharge Limits, (6) Self-discharge Time, (7) Efficiency, (8) Life Cycle (Charge/Discharge Cycles),
(9) Working Life Time, (10) Operational Risks, (11) Costs (€/W, €/Wh) and (12) Devices Association.

4 Case Study
4.1 Scenario 1—Island’s PVS-Off-Grid

The Isolated Solar Power Plant with Batteries (off-grid) has several advantages, such as energy inde-
pendence. It is recommended for remote locations or when consumers wish to be self-sufficient without
depending on the electricity grid. Its operation is uninterrupted as long as adequate sizing and optimisation
are carried out to provide energy even during periods of low sunlight or even outside the period of sunshine,
as shown in the consumption profile purposely chosen for the simulations (Fig. 6).

This configuration is exempt from regulatory costs, such as transmission and distribution usage tariffs
(such as TUSD—Distribution Services Usage Tariff, TUST—Transmission Services Usage Tariff) or changes
in the compensation rules for energy injected/consumed on the grid. Among the disadvantages, we can
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mention the higher initial cost, as battery banks represent a significant portion of the initial investment
(CAPEX).
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Figure 6: Daily energy consumption profile of islanders

The complete system can cost up to three times more than a grid-connected system, as shown below.
Battery maintenance and life cycle are issues, as batteries have a limited useful life, generally between 5 and
10 years, with recurring replacement costs (higher OPEX). Energy efficiency in this configuration can be
compromised due to charging/discharging time aspects of energy for storage, reducing overall efficiency. The
hybrid use of supercapacitors, as mentioned, can mitigate this issue. The battery storage capacity to meet
consumption profiles outside of the daytime period is another point of attention when sizing the battery
bank, and here, we have an advantage when adopting the modelling, simulation and optimisation method.

The modelling of a hypothetical case of oft-grid PVS on an Island allows the comparison of performance
between batteries and supercapacitors and the feasibility analysis of the technical aspects of these energy
storage solutions.

The island is located in Brazil (Fig. 7), in a river called Rio Verde, at a Longitude of 45°25'9” W and
Latitude of 21°36'19"” S degrees. It has an average altitude of 840 m and covers an area of 91,800 m”. Customers
demand the batteries’ energy daily, and their consumption habits peak at the beginning and end of the day.
The energy simulated demand from the islanders is around 189.68 MWh/year.

Initially, the PVS model comprises 1056 solar panels with a power of 270 Wp and, therefore, with an
installed power of 285.2 kW. The efficiency of the panels is 16.5%, and they have an area of 1.64 m” each,
totalling 1728.46 m? of the area covered by the set of panels in a 3500 m? area reserved for the photovoltaic
plant. This PVS initially contains 80 sets of batteries with a capacity of 270 Ah. Each set consists of two
batteries, 25.6 V, and has a total energy storage capacity of 1.08 MWh.

Due to technical issues, the hourly insulation data for simulation, Energy Plus [20], were used about
the location of Varginha-MG (Brazil), which is around 5 km from the island. Initial simulations, with the
data mentioned, indicate the annual energy production capacity at 494.83 MWh, distributed by this way in
MWh/Month, January 43.18, February 41.44, March 45.04, April 37.08, May 35.88, June 29.79, July 40.65,
August 43.67, September 45.89, October 42.78, November 45.76, December 43.67, as shown below (Fig. 8).

From the 494.83 MWh produced annually, only 6776 MWh matches with demand, and therefore
427.06 MWh are used to charge the batteries, which account for the complementary energy of 121.91 MWh of
that total annual demand of 189.68 MWh. Therefore, the annual surplus with this set 0of 1056 panels, even after
being directed to the batteries, remains 305.15 MWh, which would be the unused annual surplus. Fortunately,
this is a hypothetical case that will be optimised below, as will be shown.
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Figure 8: Simulated annual (8760 h) energy production of Island’s PVS (1056 Solar Panels)

September had the highest energy production (45.89 MWh) (Fig. 9), and June had the lowest production
(29.79 MWh) (Fig. 10).
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Figure 9: Simulated monthly (720 h) energy production of Island’s PVS (September/1056 Solar Panels)
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Figure 10: Simulated monthly (720 h) energy production of Island’s PVS (June/1056 Solar Panels)

Below (Fig. 11) is a typical day of production (January 03). As the profile of daily energy consumption
compared to the energy production of the PVS demonstrates, it is important to observe the demand for the
batteries here.
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Figure 11: Simulated daily energy production (554 Solar Panels) and Consumption Daily Profile of PVS (January 03)

This case study clarifies the need for daily use of batteries and is limited to providing data on the amount
of energy demanded from batteries (Fig. 11). By modelling this case, it is also possible to verify that the
number of panels generates energy that could be stored, for example, in a Thermal Energy Store (TES), which
can be combined with the use of HVAC in countries with a tropical climate, for cooling homes or food
preservation or heating, depending on the local climate and the needs of the islanders.

In addition to the aspects discussed in the text referring to impediments such as fast discharge time,
replacing batteries with supercapacitors is currently unfeasible due to the technical limitation of the number
of supercapacitors that would be needed, as calculated below, assuming equalisation of the storage capacity
of energy from the battery pack (1.08 MWh) with a set of supercapacitors.

The use of typical supercapacitors available at the market, as mentioned above, is Capacity = 3000 F,
Voltage = 2.7 V and Energy Storage Capacity = 3.04 Wh.

3000 - 2.72 10, 935
Weap (J) = — - 10,935 (J) or 3600

= 3.0375(Wh) (26)



2626 Energy Eng. 2025;122(7)

Considering only the energy storage aspect, without going into details about the need to adapt the
voltage of the supercapacitor sets to the inverters installed in the PVS, the number of supercapacitors needed
to supply the energy of 1.08 MWh would be 355,263 units.

Regarding the installed capacity of the PVS (also the capacity, model, and configuration of the inverters),
the modelling allows optimising the number of photovoltaic panels based on the energy demand profile
(Fig. 11) to reduce the energy surplus, meeting for example, the need for the project to be implemented in
phases with lower initial investments.

Extending the consumption profile (Fig. 6) in the PVS model from a daily perspective, 519.67 kWh, to
a monthly average of 16,109.67 kWh and for an annual time frame, 189.68 MW, it is possible to simulate
the energy production and the installed capacity in order to reduce the surplus to the minimum without
compromising the energy supply for the islanders.

Based on hourly insulation data (Energy Plus) and simulations of energy produced every hour over a
year, with the hypothetical initial configuration of 1056 panels (Fig. 12a), compared to the island’s demand, it
is possible to verify by extrapolation that 405 panels would be sufficient to meet the annual energy demand,
which means a production of 189.77 MWh/year (Fig. 12¢). However, according to the insulation data about
the worst case, as mentioned above, it is prudent to consider the energy to be produced in June, which leads
us to obtain the need for 554 panels capable of overcoming the production bottleneck and providing annual
amount of energy of 259.59 MWh (Fig. 12b).

The optimised Solar Power Plant (554 solar panels) produces 259.59 MWh annually, of which 62.11 MWh
matches with demand. Therefore, 197.48 MWh are used to charge the batteries, which account for the
complementary energy of 127.56 MWh of that total annual demand of 189.68 MWh. Even after being directed
to the batteries, the annual surplus for this set of 554 panels remains 69.92 MWh, available for other
consumption (Fig. 13). As mentioned above, some options exist for using this energy for an off-grid PVS.

Even if priority is given to sending the solar energy produced to charge the batteries, unlike what was
done in the previous configuration, where priority was given to sending the energy directly to consumers,
we will have that of the same 259.59 MWh produced annually, only 52.28 MWh will correspond to the
demand of the users and, therefore, 20731 MWh can be used to charge the batteries, of which 137.39
MWh will be consumed by the users of that total annual demand of 189.68 MWh. In other words, there
will still be an annual surplus for this set of 554 panels of 69.92 MWh, which will be available for other
consumption (Fig. 14).

In the following scenario, a similar PVS with the same energy demand will be shown; however, without
batteries and connected to the grid, these most common configurations will be compared, that is, off-grid
and on-grid.

Before continuing, it is important to highlight that with the optimisation of installed capacity and the
possibility of hourly simulation of production and consumption data, the analysis of the new daily cycle
allows us to verify that a smaller number of batteries can be used to meet demand.

The PVS was configured initially with 80 sets of batteries with a capacity of 270 Ah. Each set consists of
two batteries, 25.6 V, with a total energy storage capacity of .08 MWh. After modelling and optimisation, it
is possible to verify that in a daily cycle, the batteries will be demanded in 325.91 kWh/day and the solar will
be demanded in 193.76 kWh/day in order to attend the typical daily demand of 519.67 kWh/day. Reminding
that those 325.91 kWh/day will come from the PVS to recharge the batteries.
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Figure 13
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Figure 14: Off-grid-optimized PVS daily energy production (554 panels) and consumption daily profile of islanders
(January 03)

To meet the demand of 325.91 kWh/day, 24 sets of 270 Ah batteries would be needed, with two batteries
of 25.6 V each, with a capacity of 331.77 kWh, however, in order to extend the useful life of batteries, a usage
energy range between discharging up to 30% and charging up to 80% is a good practice [23]. In other words,
we can consider using 50% of the battery capacity, which leads to 48 sets of 270 Ah batteries, which financially
composes the CAPEX of Scenario 1, analysed in topic 5.

It is no less relevant to remember that the 554 plates, according to the simulations, can produce around
1105 kWh/day, which will meet both recharging the batteries with 325.91 kWh/day and the direct demand
of consumers with 193.76 kWh/day. The daily surplus of 585.43 kWh/day remains, which has already been
mentioned in the annual aspect, 69.92 MWh/year.

4.2 Scenario 2—Island’s PVS-On-Grid

This case study shows a similar PVS with the same energy demand; however, it will be without batteries
and connected to the grid. Although this configuration presents some technical challenges, as mentioned by
Li et al. [55] and Zhou et al. [56], it has been adopted in increasing numbers, mainly due to the attractive
economic and financial return. The Brazilian rules for the connection and billing of micro generation and
mini generation plants distributed in the National Electricity Distribution System, as well as the rules of the
Electric Energy Compensation System, regulated by the ANEEL (Brazilian Electricity Regulatory Agency)
are also a significant point of attention to the stakeholders [57].

Community solar farms (on-grid) have cost-efficiency as they take advantage of economies of scale,
reducing installation and maintenance costs compared to individual systems. Furthermore, they avoid
needing battery storage systems since the network is a backup. Another advantage is the possibility that
governments and energy concessionaires have offered energy credits, where excess energy produced during
the day is inserted into the grid, earning credits that can compensate for consumption in periods without
sun. This configuration is more accessible for consumers who cannot install roof panels. Maintenance is
centralised, and professionals carry out operations. The disadvantages include dependence on the grid,
which can be vulnerable to grid outages, and dependence on utility policies regarding energy credits. Also,
regulatory risks exist due to possible changes in net metering policies or tariffs that could affect the economic
and financial returns mentioned.

According to the simulations, based on hourly insulation data (Energy Plus [20]), 405 panels would be
sufficient to meet the annual energy demand, which means a production of 189.77 MWh/year, sufficient to
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meet the annual demand established by the consumption profile shown previously and also used in these
on-grid simulations.

In this configuration, there is no need to overcome the June PVS production bottleneck, as the
connection to the grid allows this greater monthly demand for energy from the grid to be compensated in
another monthly cycle. In this way, the energy credits obtained tend to zero annually.

The simulation of annual generation compared to consumption allows us to obtain the optimised
number of 405 panels for this new configuration and verify that the annual surplus will be 98.78 kWh, that
is, 0.05% of the volume produced of 189.77 MWh (Fig. 15). The annual demand is 189.68 MWh.
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Figure 15: On-grid-optimized daily energy production energy (405 solar panels) and consumption daily profile of PVS
(January 03)

5 Results and Discussion

Regarding the operational aspect of the Case Study (PVS of an Island), the initial simulations allowed
the comparison of the energy generation profile of the PVS with the island’s consumption profile. However,
there is a need for improvement in the detailed collection of data on solar irradiation and the electrical
system (solar plates, inverters, batteries, transformers, distribution lines and energy metering of end users).
However, the partial results of this study, with hourly simulations extended to the annual view, already
demonstrate the potential for improvements that can be obtained, highlighting the surplus energy produced
daily and seasonally.

5.1 Scenario 1—Island’s PVS-Off-Grid

The analysis of Scenario 1 demonstrates that the completely isolated solar plant configuration requires
greater initial investments than Scenario 2. However, the payback is around 6 years (Fig. 16), considering an
annual nominal discount rate of 7%, a typical value adopted by the Solar Industry [58]. The real discount
rate, 3.38%, was calculated through Eq. (7), considering the Brazilian general energy price inflation as 3.50%.

The levelized cost of the energy produced (LCOE) over a 30-year timeframe is 0.068 €/KWh, which

highlights the systems’ viability compared to the tariffs in the region adopted for the simulations. As shown
in Eq. (6), the KWh for domestic consumers is around 0.17 €/KWh.

L ,287.
LCOE = cc = 529, 287.06 =0.068 [—€ ] =67.93 [—€ ]
LCE 4,847,107.72 KWh MWh
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Figure 16: Off-Grid-Payback period (years)

5.2 Scenario 2—Island’s PVS-On-Grid
The analysis of Scenario 2 demonstrates that the solar plant configuration connected to the grid requires

lower initial investments and has a payback of around 3 years (Fig. 17), considering the same rates mentioned
above in Scenario 1.
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Figure 17: On-Grid-Payback period (years)

The levelized cost of the energy produced (LCOE) over a 30-year timeframe is 0.033 €/KWh, which
highlights the viability of the systems compared to the tariffs in the region adopted for the simulations. The
kWh for domestic consumers is around 0.17 €/kWh, as shown in Eq. (6).

LCC 117,730.38 € €
LCOE = = =0.033 ——[=33.22| ——
LCE  3,543,463.25 KWh MWh

5.3 Discussion

This study confirms batteries and supercapacitors distinct roles and potential complementarities in
photovoltaic systems. Supported by the literature, it is clear that while supercapacitors demonstrate a specific
power advantage, up to 100 times higher than batteries, the energy density of batteries remains 10 times
superior in typical applications. These performance trade-offs underscore the practical benefits of hybrid
energy storage systems (HESS), especially where fast response and long-duration storage are required.

The case study on the Brazilian island (Ilha Grande—MG) used an hourly-resolution model to simulate
production and consumption profiles. Using Energy Plus [20] data for solar radiation and consumption
estimates based on 4000 residents, we demonstrated the energy generation potential of a 554-panel
configuration, optimised to reduce energy surplus while reliably meeting daily demand. This approach is
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consistent with best practices in energy modelling and has been used in prior literature on remote energy
systems [59-62].

From a techno-economic standpoint, Scenario 1 (off-grid) requires a higher CAPEX, 211,060.97 €,
primarily due to battery costs, with a payback of 6.25 years and an IRR of 17.88%, while Scenario 2 (on-grid)
achieves a payback of 3.62 years and a higher IRR 0f 29.83% due to the elimination of storage costs and access
to grid-based incentives. These figures align with real-world performance indicators from Brazilian energy
investment funds, reinforcing the realism of our models. The value obtained for Scenario 2-On-grid in the
hypothetical model is conservative. However, it is in line with values published by investors in Brazil, where
they present in one of their publications the IRR values of 10 On-grid Photovoltaic Plants, which vary from
25.0% to 25.6%. These IRR values refer to the real estate fund SNEL11-SUNO ENERGIAS LIMPAS FII [63],
which is a Suno Asset Real Estate Fund that invests in clean and renewable energies, traded on the Sao Paulo
Stock Exchange (BOVESPA) under the code SNELII.

The operation and maintenance annual costs (OPEX), around 3% of CAPEX, calculated at
6331.83 €/Year, result in an NPV for this plant, in a 30-year timeframe, of 498,823.82 €. The payback (3.62
years) and an initial investment of Scenario 2, calculated in 85,719.81 €, and the annual operation and
maintenance cost of around 2% of CAPEX, calculated in 1714.39 €/Year, results in a VPN for this plant, in a
30-year timeframe, of 927,403.91 €.

The cash flow values shown above for the two scenarios also allow us to infer that the Return on
Investment (ROI) in a 30-year timeframe is 236.34% and 457.22% for Scenarios 1 and 2, respectively. The
annual ROI, on average, is 7.88% for Scenario 1 (off-grid) and 15.24% for Scenario 2 (on-grid).

Lastly, the environmental impact was quantified by comparing potential CO, emission reductions.
Based on regional benchmarks like the Abade Photovoltaic Plant, in Sao Bento Abade-MG, Brazil
(21°32/28" S 45°5'51.8"” W), with an installed capacity of 5 MWi and 7 MWp, that aims to reduce CO,
emissions into the atmosphere by 65,160 t in 25 years. To capture this amount of CO, from the atmosphere,
it would be necessary to have 812,865 trees. Making a linear conversion for the Photovoltaic Plant used in
the model of this study, in this same region (21°36'19" S 45°25'9"” W), for an installed capacity of 554 Solar
Panels of 270 Wp, that is, 149.580 kWp, we would have an approximate reduction of 1670 t of CO, emissions
into the atmosphere in 30 years, equivalent to planting approximately 17,370 trees.

6 Conclusion

The findings of this study confirm the technical and financial viability of photovoltaic energy systems
in isolated or grid-connected scenarios, with a particular focus on storage system selection. The comparative
analysis of batteries and supercapacitors highlighted their complementary characteristics: batteries for
sustained energy delivery and supercapacitors for high power bursts, consistent with findings in the broader
literature on hybrid storage systems.

There is a consensus that supercapacitors and batteries are currently complementary. However, just
as the notable evolution of solar panels was briefly demonstrated in the introduction to this work, there
also seems to be plenty of space and willingness in academia to promote evolution in aspects that prevent
supercapacitors from being used in more solutions for society today. The comparison parameters initially
adopted in this work allowed for understanding some fundamental characteristics of the storage media
studied. However, the parameters to be analysed in the continuation of this study should allow an adequate
view of the State of the art of these two types of storage, as well as the possibilities of evolution in every aspect.

The proposed simulation and optimisation model, which used hourly solar radiation and load data,
increased reliability and accuracy in determining storage needs and solar panel sizing. By optimising the
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system to 554 panels, the off-grid scenario reduced unnecessary energy surplus while still meeting all energy
demands. This approach can inform similar projects across tropical and semi-urban settings, not only in
the aspects of generation, storage and daily energy consumption but also in the seasonal storage of surplus
energy and its use with a focus on energy efficiency.

From a financial perspective, both the off-grid and on-grid configurations were found to be profitable.
However, on-grid solutions provide superior investment returns, with lower LCOE (€0.033/kWh) and
faster ROI, aligning with national investor benchmarks such as SNELIL, also aligned with technical-
financial reports from IEA (International Energy Agency) [21] and IRENA (International Renewable Energy
Agency) [64,65].

The positive difference between the adopted annual nominal discount rate, 7%, which can also be called
the Minimum Attractiveness Rate (MAR) and the Internal Rate of Return (IRR) of Scenarios 1 and 2, 17.88%
and 29.83%, respectively, is evident. It demonstrates the viability and attractiveness of these investments.
This factor is one of the drivers of the various Solar Power Plant projects emerging in Brazil, especially in
this region.

Furthermore, the environmental benefits of deploying a well-designed PVS are substantial. Over its 30-
year lifecycle, the optimised system can prevent over 1600 t of CO, emissions, contributing directly to climate
goals and enabling carbon offset comparable to tens of thousands of trees.

In conclusion, the study reinforces the role of data-driven modelling and hybrid storage strategies in the
transition toward clean energy in remote or semi-urban areas. The dynamic framework proposed can guide
future system design in technical terms and with strong financial and environmental validation.
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