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Abstract: Stand-alone systems in remote regions require the utilization of renewable resources;
however, their natural intermittence requires the implementation of energy-storage systems that
allow a continuous power supply. More than one renewable source is usually available at the same
site. Thus, the choice of a hybrid system seems viable. It is relevant to study hybrid systems as they
could reduce energy storage; however, sizing the hybrid system might have several implications, not
only for the available daily energy, but also for the required daily energy storage and surplus seasonal
energy. In this work, we present a case study of a stand-alone, conventional household powered
by photovoltaic and marine-current-energy systems in Cozumel, Mexico. The analysis of different
hybridization degrees serves as a guidance tool to decide whether hybrid systems are required for
a specific situation; in contrast to previous approaches, where ideal consumption and generation
profiles have been utilized, yearlong profiles were utilized here. The renewable potential data were
obtained on site at an hourly resolution; requirements such as size of and cycles in the daily and
seasonal energy storage were analyzed according to the degree of participation or hybridization
of the proposed renewable systems through an algorithm that evaluates power generation and
daily consumption throughout the year. A further analysis indicated that marine-current-energy
implementation reduces the size of the daily energy-storage system by 79% in comparison to the
use of only a photovoltaic system due to the similarity between the energy-demand profile and
the marine-current-energy production profile. The results indicate that a greater participation of
marine currents can help decrease daily storage while increasing seasonal storage by 16% compared
to using only solar energy. On the other hand, hybridization enabled a reduction in the number
of daily charge and discharge cycles at 0.2 hybridization degrees. It also allowed us to reduce the
seasonal energy storage by 38% at 0.6 hybridization degrees with respect to only using energy from
marine currents. Afterwards, energy-storage technologies were evaluated using the TOPSIS Multi-
Criteria Decision Analysis to validate the best-suited technology for the energy-storage system. The
evaluation considered the characteristics of the technology and the periods of energy storage. In this
work, hybrid storage systems were mandatory since, for daily storage, lithium-ion batteries are better
suited, while for seasonal storage, hydrogen-producing systems are more suitable to manage the
amount of energy and the storage duration due to the high seasonal renewable-energy variations.

Keywords: renewable-energy hybrid system; marine-current system; solar PV system; energy-storage
technology; multi-criteria decision analysis (MCDA); battery–hydrogen energy-storage system

1. Introduction

Sun, wind, and marine energies are defined as Variable Renewable Energies (VREs)
due to their inherent intermittence, irregularity, and dispatchability, although VREs might

Energies 2022, 15, 468. https://doi.org/10.3390/en15020468 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en15020468
https://doi.org/10.3390/en15020468
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://doi.org/10.3390/en15020468
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en15020468?type=check_update&version=1


Energies 2022, 15, 468 2 of 21

have several small- to large-scale applications in stand-alone power systems where energy
storage is essential. Marine Renewable Energy (MRE) is broadly available in different
regions. Estimations indicate that ocean energy could contribute from 500 to 1000 MW of
the installed capacity by 2030 [1,2]. Ocean currents or marine currents can produce energy
from tidal movements and/or ocean circulation due to thermal and salinity gradients [3].
In Mexico, this type of energy is attractive due to its natural occurrence in certain regions
such as the Gulf of California and the Cozumel Current in the Yucatan Peninsula where
the potential for producing energy is as high as 100 W/m2 [4]. However, even with the
technology to harvest ocean energy, significant challenges for renewable energy include
bringing the energy into the coast, storing it, and using it in a cost-effective manner.

Stand-alone renewable energy systems are off-grid systems that are able to provide
electricity for regions lacking power grids in specific remote applications. Energy supply is
usually provided by VREs where the energy-storage systems (ESSs) play a very important
role in balancing and controlling the generation and consumption of electricity in deferred
periods of time [5]. Nowadays, the cost of energy-storage systems is high; therefore, the
selection of an appropriate ESS requires studies with multiple approaches. Determining
the correct one among the many options, such as Pumped Hydro Storage (PHS), Com-
pressed Air Energy Storage (CAES), Pb batteries, li-ion batteries, flow batteries, flywheels,
supercapacitors, and hydrogen, should be carried out whilst taking into account criteria
such as, storage capacity, response time, lifetime, cycle life, efficiency, cost, power, energy
density, and power rating [6,7]. These criteria are also important as ESSs may play an
important role in the environmental impact of the system [8]. The large variety of options
and complex characteristics make it difficult to choose a specific ESS to take full advantage
of their properties [9]. Therefore, the first step to deciding the most appropriate ESS tech-
nology is to consider its benefits, advantages, disadvantages, and maturity [10]. Moreover,
stand-alone systems require a higher degree of energy availability to provide autonomy
and comfort related to the daily electricity consumption. Hybrid renewable energy systems
could be an effective way to integrate different renewable energy sources, for instance,
sun and marine energy sources or any other viable combination. Hybrid systems can
provide major electricity-generation availability, improving the reliability of the energy
supply and the overall efficiency due to a lower dependency on ESSs [11]. Likewise, they
could allow energy-storage-installed capacity to be reduced while having a profound effect
on the durability of the ESS since the cycle life is affected by the daily availability of the
renewable source [12]. The study of the potential of renewable energies is the first stage
of the development of a hybrid system where the analyses in different periods of time,
from daily to seasonal, can provide substantial information on the performance and energy
storage needs in these periods [13].

Cozumel, Mexico, has been considered as a potential zone for stand-alone systems for
households due to its ecotourism attractions. Although many studies of ESS implementa-
tion in the main VRE systems (solar and wind energy) can be found elsewhere, only few
studies for MRE exist, especially in potential regions of Mexico or other regions with an
abundance MRE resources; Figure 1 shows MRE projects where ESSs are considered.

The relevance of incorporating an ESS relies on its inherent environmental and eco-
nomic benefits, especially in stand-alone systems where the surplus energy can be used for
other purposes such as mobility. Stand-alone systems and microgrids are quite promising in
Mexico due to approximately two million people having no access to electricity, especially
in isolated regions and coastal zones [14]. As MRE and photovoltaic energy are broadly
available in coastal touristic zones, this work could serve as a guide for the implementation
of hybrid systems where the choice of primary source might have further implications.
The different hybridization degrees not only imply continuous household energy supply
but also the great benefits of seasonal energy storage, thus providing further economic
advantages.
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Figure 1. Different MRE projects with ESSs and their use [15–24].

2. Methods

This paper proposes a case study to evaluate the hybridization degree (HD) of a Solar–
Marine Hybrid Energy System (SMHES) in the Cozumel region. The method comprises the
following activities: (1) determination of daily and monthly energy storage assessment of
the SMHES in the region; (2) comparison of home-load profiles to determine the average
energy consumption; (3) identification of the appropriate ESS using Multi-Criteria Decision
Analysis (MCDA) with a combination of AHP-TOPSIS methods.

2.1. Solar PV and Marine-Current-Energy Potential in Cozumel

Figures 2 and 3 show the potential profile to size the solar photovoltaic system (PVS)
and the marine-current system (MCS), respectively. For this study, 1 h data resolution
was considered for both VREs; solar data were obtained from the Photovoltaic Geograph-
ical Information System (PVGIS), and the data analysis was based on Yunez-Cano et al.
2016 [25]. A higher daily potential of solar energy can be obtained using solar-tracking
systems as power and efficiency can increase mainly in large-scale solar energy applica-
tions [26]; in this work, as the information on this is insufficient, their effect is not included.
Marine-current-energy data were provided by the CEMIE-Océano project Mexico [27]; for
both systems, data from 2014 were considered. The Köppen–Geiger climate classification
of the Cozumel is Aw, which presents a tropical savanna climate characterized by an ex-
tensive dry season that is more marked and prolonged than in the monsoon climate and
which contrasts with a rainy season with intense rainfall [28,29]. The seasonality analysis
considered the spring months (March–May), summer months (June–August), fall months
(September–November), and winter months (December–February) [30].

Figures 2a and 3a show the daily standard behavior of solar energy and marine-current
energy, where the variations in solar irradiance and marine-current speed are evident at
different times (daily variability). Solar potential was obtained via the integration of
irradiance data (W/m2) during the day to obtain the irradiation potential (kWh/m2)
(Figure 2b). The marine-current seasonal potential is defined as the average of daily
measurements of marine-current speed (m/s) for each month (Figure 3b).
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Figure 2. Standard behavior of irradiance and irradiation in Cozumel: (a) daily solar-irradiance
profile (W/m2); (b) daily irradiation average per month (kWh/m2).

Figure 3. Marine-current-speed profile in Cozumel: (a) daily standard marine-current-speed profile;
(b) daily current speed average per month.

2.2. Home-Load Profile

The home-load profile with 1 h resolution represents an average energy consumption
(EC) of 7.5 kWh/day for a home on the Mexican coast [31,32]. Energy consumption was
obtained from the statistical yearbook Quintana Roo state in Mexico in 2017, developed by
the National Institute of Statistics and Geography [33]; Figure 4 shows the daily standard-
load profile.

Figure 4. Daily standard-load profile of coastal house in Cozumel.
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2.3. Sizing and Design of the Renewable Energy Hybrid System

SMHES sizing is based on the analysis of the profiles of solar irradiance (Figure 5)
and marine-current speed (Figure 6). The sizing of both renewable energies was carried
out based on the assumption that the energy supplies are provided individually and
independently of each other. Figures 5a and 6a show the daily solar irradiance and marine-
current-speed variations in a one-year timelapse. Figures 5b and 6b show the minima,
maxima, and year averages to identify the maximum variations during the year; this shows
the occurrence of days with higher or lower power generation than that estimated for
sizing. The SMHES was dimensioned with respect to the seasonal potential minima [34].
In the case of the PVS, it was dimensioned with the minimum daily irradiation in Decem-
ber (4.72 kWh/day) (Figure 5c), while the SCM dimensioning was carried out with the
minimum speeds in November (0.65 m/s) (Figure 6c).

Figure 5. Solar potential in Cozumel: (a) solar-irradiance daily variations; (b) maximum, minimum,
and average solar potential; (c) daily solar irradiation in different months of the year.

Figure 6. Marine-current potential in Cozumel; (a) marine-current-speed daily variations; (b) maxi-
mum, minimum, and average marine-current potential; (c) daily speed variation of the different days
of the year.

2.3.1. PV Solar System Sizing

The sizing of the PVS was carried out according to annual irradiation minimums
(Equation (1)) [34,35].

PPVS =
EPVOutGCEM

Gdmη
(1)

where PPVS is the minimum power-installed capacity (kW) of the photovoltaic system,
which was obtained directly through energy consumption per day (EPVOut, kWh/day);
GCEM is the solar standard-test irradiance (1 kW/m2); Gdm is the solar irradiation, which in
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this case is proposed as the media in the month of lower irradiation, December (4.72 kWh/m2

day); and η is the overall efficiency of the auxiliary equipment (DC–DC controller regulator).
Note that solar panel efficiency is not considered in Equation (1); the installed capacity
is evaluated through commercial parameters where 300 W is proposed for solar panels
(tested at 1 kW/m2).

2.3.2. Marine-Current-Energy System Sizing

The marine-current system (MCS) is mainly composed of the marine-current turbine
(MCT) and the permanent magnet synchronous generator (PMSG). The MCT instantaneous
power PMCT (kW) can be calculated using Equation (2) [36].

PMCT =
1
2

ρCp A V3 (2)

where ρ is the seawater density, V is the current speed in m/s, and A is the cross-area
section of the turbine. Cp is the power coefficient (dimensionless), which is a function of
the tip speed ratio and pitch angle; for the typical marine-current turbine (MCT), Cp values
are considered in the 0.35–0.5 range. A turbine with a diameter of 2 m is proposed, based
on that reported by Shirasawa et al., 2016 [37], which allows the turbine to operate at the
current speeds of Cozumel (~0.7 m/s).

To obtain the daily energy production, the integration of the power-generation profile
was carried out. The daily marine-current energy (EMCS) supplied by the MCS is given by
Equation (3), where t is the time and η is the overall efficiency of the equipment (PMSG
and AC–DC controller regulator).

EMCS =

(∫ t

0
PMCT dt

)
η (3)

2.4. Solar PV–Marine Current and Energy-Storage System Hybridization

The SMHES hybridization analysis consisted of evaluating the energy supply with
different PVS and MCS degrees of utilization for the 365 days of the year. A 0 HD con-
siders that energy is provided only from the PVS and 1 HD when the energy is provided
completely from the MCS. Therefore, hybridization supposes a decrease in the installed
capacity of the PVS or MCS. In this study, the hybridization analysis was carried out using
an algorithm developed in Matlab® software (Figure 7). The analysis procedure consisted
of four steps; first, the power of each system was integrated as a function of time intervals
of 1 h in a whole year; second, the HD was proposed from zero to one; third, the energy
generated and consumed was obtained; and fourth, the energy storage as well as the
number of charge and discharge cycles of the storage system were calculated considering
the points of intersection between the generation and consumption profiles. In Section 3.1
the results are analyzed.

Daily electricity-power supply (ESMHES) was determined by the HD, which defines
the PVS (EHpvs) and MCS (EHMCS) installed capacity (Equations (4)–(6)).

EHPVS = EPVS (1 − HD) (4)

EHMCS = EMCS HD (5)

ESMHES = EHpvs + EHMCS (6)
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Figure 7. Energy-balance analysis algorithm to evaluate the daily and seasonal energy-storage
system.

2.4.1. Hybrid Energy Storage

A hybrid battery–hydrogen storage system was proposed, and the sizing was carried
out based on hybridization analysis, while its relevance was validated through the TOPSIS
method. Figure 8 shows the SMHES diagram. The energy balance from Equation (7)
determined the daily energy surplus–deficit that was proposed to be covered by the
hydrogen energy-storage system (HESS). For hourly fluctuations, a battery energy-storage
system (BESS) was proposed, where time fluctuations determined the energy balance; thus,
a dynamic model was required. In this analysis, energy balance was carried out at different
time intervals (∆t) with 1 h resolution (Equation (8)). The variation between the SMHES
generation and the energy consumption (EC) determines the moments in which surplus
energy is available to store and when energy deficits are present, and thus, the stored
energy must be used.

EHESS = (ESMHES − EC) ηHESS (7)

EBESS = (ESMHES − EC) ηBESS (8)

Figure 8. Solar–MarineCurrent Energy Hybrid System diagram.
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2.4.2. Energy-Storage Selection

Due to the variety of ESS options to evaluate the relevance of the hybrid battery–
hydrogen storage system, a MCDA analysis was proposed. In this work, ESSs were
evaluated based on three objectives: (a) the Regulation Energy-Storage System (RESS),
(b) the Post-Consumption Energy-Storage System (PCESS) for daily, monthly, or seasonal
periods; and (c) the Regulation & Post-Consumption Energy-Storage System (RPCESS)
for uses where the ESS is considered for the regulation and control of energy supply
autonomy on certain days, e.g., batteries [9,38,39]. The proposed MCDA is a combination
of the Analytic Hierarchy Process (AHP) and the Technique for Order Performance by
Similarity to Ideal Solution (TOPSIS); this method provides solutions to problems involving
conflicting and multiple objectives [10]. TOPSIS was developed by Hwang and Yoon
(1981) [40] and is based on the concept that the best alternative should have the shortest
geometric distance from the ideal positive solution but the largest geometric distance from
the ideal negative solution [41–43].

The study evaluated eight ESSs with four classifications, (1) mechanical, (2) electrical,
(3) electrochemical, and (4) chemical, and ten criteria, lifetime (C1), cycle life (C2), energy
efficiency (C3), power rating (C4), response time (C5), storage duration (C6), power density
(C7), energy density (C8), installed system cost (C9), and maturity (C10). The TOPSIS
method was conducted according to Garduño-Ruiz et al. (2021) [44] and consisted of
feeding a decision matrix with a set of alternatives and criteria (Figure 9) and then assigning
levels of importance or weightings to each criterion through the AHP technique using the
method of Saaty (1990) [45]. To determine the best alternative, the TOPSIS tool was used by
means of a Python algorithm.

Figure 9. Classification of energy-storage technologies and alternatives for decision matrix.

3. Results
3.1. Renewable-Energy Hybrid System

The SMHES sizing was carried out for 0 HD (only PVS) and 1 HD (only MCS). Table 1
shows the parameters for the PVS and MCS.



Energies 2022, 15, 468 9 of 21

Table 1. SMHES parameters in case study.

PVS MCS

Parameter Value Parameter Value

PPVS 2.1 kW PMCS 0.458 kW
Gdm 4.72 kWh/day Vmin 0.65 m/s

Panel array 7 modules (300 W) MCT 3 turbines (153 W)
Panel area 1.95 m2/module Rotor area 3.14 m2/turbine

Temperature 25 ◦C
Seawater density 1030 kg/m3

The generation profile was analyzed with respect to the home power-demand profile,
which allows the hours of the day, when it is possible to cover the energy demand, the
range where there is an energy surplus, or where it is necessary to use energy storage to
cover the demand to be determined. Figure 10a shows a consumption–generation profile
in a representative day in the year (day 355, December) when each renewable system
produces 7.5 kWh/day in the seasonal minimums. Under this scenario, the amount of
energy extracted from the MCS is higher than that from the PVS due to a higher daily
availability; therefore, the MCS requires lower installed capacity, 0.458 kW, while solar
requires an installation of 2.1 kW. It is worth mentioning that although the MCS generation
profile shows fewer hourly variations, there are fluctuations that are less visible on the scale
compared to the PVS generation profile. Figure 10b shows the total generation. The system
considers only output power. From this perspective, the intersection of the generation
curve with the demand curve allows us to visualize the points where the hybrid system is
not able to cover the demand.

Figure 10. (a) Generation–consumption profile of SMHES supplied by an installed capacity PVS of
2.1 kW or an MCS of 0.458 kW; (b) total generation–consumption profile of SMHES indicating the
energy supplied by renewable resources, energy supplied by energy storage, and surplus of energy.

3.2. Hybridization Analysis Results

Applying the algorithm developed in the Matlab® program, the curves of the hy-
bridization process were obtained at different HDs for the 365 days of the year; daily
variations during the year are shown in Appendix A in Figure A1 and includes daily varia-
tions in energy consumption and supply in the 12 months. Figure 11 shows a representative
day (355 day) of generation–consumption profiles with different HDs for comparison. For
each case, an energy-balance analysis was carried out for different HDs. Table 2 shows
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the power (kW) and energy (kWh/day) generation of the SMHES, RPCESS, percentage
reduction in the RPCESS for different HDs, and the average charge–discharge cycles.

Figure 11. Generation–consumption profiles with different hybridization degrees: (a) 0 HD; (b) 0.2
HD; (c) 0.5 HD; (d) 0.8 HD; (e) 1 HD.
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Table 2. Solar–Marine-Current Hybrid System (average results).

Case HD

PV System MC System
RPESS

(kWh/day)
% Reduction

RPESS **
Average Cycles/Day
(Charge–Discharge)Power-Installed

Capacity (kW)
Energy

(kWh/day)
Power-Installed
Capacity (kW)

Energy
(kWh/day)

1 0 2.1 11.55 0 0 5.39 - 1
2 0.2 1.68 9.24 0.09 5.65 3.17 59% 3.5
3 0.5 1.05 5.77 0.23 12.4 1.75 55% 3
4 0.8 0.42 2.31 0.36 22.6 1.07 61% 1.5
5 1 0 0 0.46 28.26 0.85 79% 1

6 * - 2.1 11.55 0.46 28.26 - - 1

* In Case 6, PVS and MCS provide the maximum power, double the energy that the system requires, which is
included for comparison purposes. ** % Reduction in RPESS with respect to Case 1, where there is the largest
energy-storage system.

The graphs in Figure 11 show the total generation of the PVS and the MCS for different
HDs. The amount of energy that can be covered by the SMHES can be observed by
comparing the area under the curve of the consumption profile of the house to the total
generation curve. Similarly, the variation in the maximum power with respect to the degree
of hybridization can be observed.

The hybridization mainly affects the total amount of energy stored per day. In Case 1
(HD 0), where the energy is totally supplied by the PVS, the energy required to be stored is
5.39 kWh/day, while for Case 5 (HD 1), where the energy is totally supplied by the MCS,
the energy required to be stored is lower than in Case 1 at only 0.85 kWh/day. The number
of cycles that the RPESS has to perform to achieve this goal is one cycle for Case 1 and
three cycles at 0.5 HD. It is worth mentioning that these cycles do not imply full charge
or discharge. The RPESS can have important implications in the cycle life as the number
of cycles increase, with triple the charge–discharge cycles than with 0.5 HD. However,
the capacity of the RPESS can be reduced by 55% for HD = 0.5 and 79% for HD = 1. This
capacity reduction is due to the similarity of the demand and MCS profiles during the
daytime to the PVS.

3.3. Evaluation System Hybridization in the Year

The annual analysis allowed us to determine the total number of required charge and
discharge cycles according to the HD (Figure 12). The analysis showed that 0 HD requires
more daily energy storage, 5.5 kWh/day, than 1 HD requiring 0.85 KWH/day, while the
number of cycles per year is higher at 0.2 HD that the other HD.

Figure 12. Number of cycles in a year in the different cases of hybridization and the comparison with
daily energy storage.
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According to the analysis in Section 3.1, the daily consumption (7.5 kWh/day) can
be easily covered by the production of the PVS and MCS at different HDs. The estimated
amount of energy lost with the full participation of the PVS (HD 0) is 1477 kWh/year
(Figure 13a), while for a system with the full participation of the MCS (HD 1), it is
7576 kWh/year (Figure 13b). This surplus energy can be stored for days with a higher
consumption than the estimated value (base load) and for days where the amount of energy
produced by the SMCHS cannot cover the energy demand.

Figure 13. PVS and MCS daily generation: (a) 0 HD and (b) 1 HD, with respect to the minimum
seasonal generation corresponding to the base load (7.5 kWh/day).

These results show that a greater participation of the PVS has advantages in terms of
lower seasonal storage (lower seasonal losses). However, seasonal storage also depends on
the HD (Figure 14). In the case of 0.2 HD, the energy surplus is 2697 kWh/year; for 0.5 HD,
it is 4527 kW/year; and for 0.8 HD, it is 6296 kWh/year.

Figure 14. PVS and MCS daily generation: (a) 0.2 HD, (b) 0.5 HD, and (c) 0.8 HD, with respect to the
minimum seasonal generation corresponding to the base load (7.5 kWh/day).

It was necessary to evaluate the seasonal variability of the system since it would
help to complement the results obtained from the daily analysis. From this analysis, the
percentage of days of the year in which the demand can be totally covered was found to be
91% for 0 HD and 92% for 1 HD, while the highest availability was found for 0.3 HD at
98.5% (Figure 15).
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Figure 15. Minimum generation availability at different HDs.

To cover the deficit of energy, different alternatives can be used, from oversizing
the SMCHS to the use of an auxiliary internal combustion system, increasing the PCEES
capacity or using a second ESS; for this purpose, a PCESS was used. Figure 15 shows that
despite having an adequate coverage of days, most of the ESSs have significant surpluses
of energy that are not used, as shown in Figures 13 and 14. Figure 16 shows the amount of
seasonal minimum storage required for days, which is unable to cover the base demand.
The results indicate that at 0 HD, it is 5.4 kWh/day, while at 1 HD, it is 6.4 kWh/day. The
analysis showed that the HD with the lowest seasonal storage for these days is 0.6 HD with
3.86 kWh/day.

Figure 16. Seasonal energy storage at different HDs; additional energy storage per day with less
generation than base load (7.5kWh/day).

3.4. Energy-Storage Selection

Renewable-energy hybridization analysis determines the feasibility of the degree of
participation of the PVS and MCS based on the daily number of cycles of the storage system.
The determination of the best RPCESS and PCESS options for a specific application is an
important task, which requires the analysis of several factors (described in Table 3). Many
aspects should be considered for the evaluation of a storage system; the most critical factors
in this study were power rating (C4), response time (C5), and storage duration (C6), as the
objective was to validate the technology.
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Table 3. Decision matrix evaluating the different alternatives and criteria.

Lifetime
Years
(C1)

Cycle Life,
No. of Cycles

(C2)

Energy Efficiency
%

(C3)

Power Rating
MW
(C4)

Response Time
(C5)

Storage
Duration

(C6)

Power Density
W/L
(C7)

Energy Density
Wh/L
(C8)

Installed System
Cost USD/kWh

(C9)

Maturity
(C10)

PHS
(A1) 50 20,000 80 3000 minutes hours–months 1.5 2 100 Mature

CAES
(A2) 30 10,000 65 1000 minutes hours–months 2 6 50 Commercialized

Small CAES
(A3) 23 1200 80 10 seconds hours–months 2 6 200 Early

commercialized
Pb Battery (A4) 15 1500 85 40 milliseconds minutes–days 200 100 300 Mature
Li-ion Battery

(A5) 15 3000 90 100 milliseconds minutes–days 3000 400 1000 Commercialized

Flywheel (A6) 20 20,000 85 20 seconds seconds–
minutes 1500 80 3000 Early

commercialized
Supercapacitors

(A7) 30 50,000 90 0.3 milliseconds seconds–hours 100,000 30 1750 Deve-loping

Fuel cell
Hydrogen

(A8)
20 10,000 26 100 seconds hours–months 500 600 1000 Develop-ing



Energies 2022, 15, 468 15 of 21

According to the methodology of Saaty, the weighting carried out is considered
reasonable, given that the consistency ratio (CR) was less than 0.1 (Table 4). On the other
hand, the evaluations carried out with the TOPSIS method found that the electrochemical
classification of EESs was better than the mechanical classification since the criterion power
rating was minimized to find an EES with a low power rating. The best options were as
follows: (1) li-ion batteries and (2) Pb batteries for the RPCESS (Table 5); (1) hydrogen and
(2) small CAES for the PCEES; (1) supercapacitors and (2) li-ion batteries for the REES based
on the best response time.

Table 4. Weighting of the Multi-Criteria Decision Analysis.

Criteria Type
(Min/Max)

Weighting
REES

Weighting
PCEES

Weighting
RPCESS

Lifetime (years) max 0.07 0.07 0.04
Cycle life max 0.08 0.08 0.07

Energy efficiency (%) max 0.10 0.09 0.09
Power rating (MW) min 0.13 0.13 0.12

Response time max 0.36 0.18 0.21
Storage duration max 0.17 0.35 0.29

Power density (W/L) max 0.03 0.03 0.03
Energy density (Wh/L) max 0.03 0.03 0.05

Installed system cost
(USD/kWh) min 0.01 0.01 0.03

Maturity max 0.02 0.02 0.06
nmax = 11.41,

CI = 0.15,
CR = 0.09

nmax = 11.41,
CI = 0.15,
CR= 0.09

nmax = 10.91,
CI = 0.10,
CR= 0.06

Note: nmax is an eigenvalue of the decision matrix; CI is the consistency index; and CR is the consistency ratio.

Table 5. Ranking of EES using the TOPSIS method.

ESS Hierarchy
RESS

Hierarchy
PCESS

Hierarchy
RPCESS

PHS (A1) 8 8 8
CAES (A2) 7 6 6

Small CAES (A3) 5 2 5
Pb Battery (A4) 3 5 2

Li-ion Battery (A5) 2 4 1
Flywheel (A6) 6 7 7

Supercapacitors (A7) 1 3 3
Hydrogen (A8) 4 1 4

The obtained results consider the fluctuations between generation and demand in
time intervals from hours to months (seasonal). The importance of daily storage was
found to be able to cover the energy-demand profile, and variations in seasonal energy
expedients were shown. Often, in stand-alone systems, the ESS is oversized in order to
cover days with a higher consumption or lack of renewable generation. However, this
might compromise the cycle life due to the number of daily cycles that the ESS performs.
Therefore, a reserve (backup) storage system that exploits seasonal surpluses may be a
technically viable alternative. The storage viability for daily and seasonal storage was
evaluated through a multi-criteria method.

For energy storage for the RPCESS (daily fluctuations), it was found that the most
important criteria are response time followed by the number of cycles and efficiency. In the
case of the PCESS (seasonal fluctuations), the most important criteria are the duration of
storage, followed by the response time; as it is used for low-power systems, a low-power
range is better. The results of the Multi-Criteria Decision Analysis (TOPSIS) for the selection
of the best ESS are shown in Table 5, which are listed from one to eight at the feasibility
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level. The RESS, PCESS, and RPCESS are compared, and a hierarchy is shown: (1) is the
best option, and (8) is the worst storage system option. For the REES, supercapacitors were
found to be adequate for periods of time shorter than days, while for longer periods, PCESS
hydrogen storage is adequate, and RPCEES lithium-ion batteries are the best alternative.
This information allows us to validate the importance of developing lithium-ion batteries
and hydrogen energy-storage systems.

4. Conclusions

Sun and marine currents are broadly available renewable resources on coastal zones,
and at first sight, choosing one or the other seems unimportant; however, the generation
profiles in this work indicate that MCSs have lower daily variability and, consequently,
have lower energy-storage requirements. For hybrid photovoltaics–MCSs, this study
indicates that for a greater participation of the MCS, the amount of required daily energy
storage is lower (79%). On the other hand, the hybridization degree affects the number
of daily charge–discharge cycles that the system can stand; for 0 HD in comparison to 1
HD, the cycles increase up to 46%, while for 0.2 HD, the number of cycles increases to
156%. Although this work does not include the characteristics of the ESS, depending on the
type of battery or storage system, the number of cycles and the power can influence the
durability of the system. However, for energy surpluses, the SMCHS with a higher MCS
share can have five times higher losses in comparison to hybrid systems with higher solar
shares; these losses can be avoided by using a lower dimensioning factor, although the
number of days that cannot meet the demand might increase. The analysis indicates that a
HD between 0.3 and 0.5 has a greater effect on the increase in days of minimum generation
availability, while seasonal storage at 1 HD increases by 16% compared to using only solar
energy (0 HD). Finally, the TOPSIS method for the selection of the best ESS demonstrates the
relevance of electrochemical storage (batteries) in stand-alone systems, where the response
time between minutes and days is more relevant than for faster technologies; on the other
hand, the surplus energy generated due to seasonal variations is ideal for chemical storage
in the form of hydrogen. Further studies aiming to improve the limitations of this work,
such as analyses of industrial and building consumption profiles, the inclusion of the
characteristics and limitations of ESSs, and economic analysis, will be published elsewhere.
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Nomenclature

A Cross-area section of the turbine m2

Cp Power coefficient Dimensionless
EC Energy consumption kWh
EHMCS Electricity-power supply from MCT kWh
EHPVS Electricity-power supply from PVS kWh
EMCS Daily marine-current energy kWh
EPVOut Energy consumption per day kWh/day
ESMHES Daily electricity-power supply kWh
GCEM Solar standard-test irradiance 1 kW/m2

Gdm Solar irradiation kWh/m2 day
PMCT MCT instantaneous power kW
PPVS Minimum power-installed capacity kW
t Time h days/months/years
V Current speed m/s
η Overall efficiency of auxiliary equipment Dimensionless
ηBESS BESS efficiency Dimensionless
ηHESS HESS efficiency Dimensionless
ρ Seawater density kg/L

Abbreviations

AHP Analytic Hierarchy Process
BESS Battery Energy-Storage System
CAES Compressed-Air Energy Storage
ESS Energy-Storage Systems
HD Hybridization degree
HESS Hydrogen Energy-Storage System
MCDA Multi-Criteria Decision Analysis
MCS Marine-current system
MCT Marine-current turbine
MRE Marine Renewable Energy
PCESS Post-Consumption Energy-Storage System
PHS Pumped Hydro Storage
PMSG Permanent magnet synchronous generator
PVGIS Photovoltaic Geographical Information System
PVS Photovoltaic System
RESS Regulation Energy-Storage System
RPCESS Regulation & Post-Consumption Energy-Storage System
SMHES Solar–Marine Hybrid Energy System
VRE Variable Renewable Energies

Appendix A

The appendix includes daily variations in the energy consumption and supply in the
twelve months.
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Figure A1. Cont.
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Figure A1. Variations in the SMHES for the different months of the year. The variations of solar power
generation (orange curve) and marine current power generation (yellow curve) are shown for each day
of the year and compared with the daily demand profile (blue curve), (a) January; (b) February HD;
(c) March; (d) April; (e) May; (f) June; (g) July; (h) August; (i) September; (j) October; (k) November;
(l) December.
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