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Abstract

This research presents the development of a new Hybrid Operational Strategy model for
energy management optimization designed to evaluate the feasibility of implementing hy-
brid renewable energy modules in ports, aiming to improve their efficiency, sustainability,
and innovation. The proposed system integrates photovoltaic, wind, and hydrokinetic
energy sources, incorporating electronic components and assessing two energy storage
technologies—Pump-as-Turbine (PAT) and battery systems—to determine the most viable
solution for practical deployment. The optimization algorithm allows a concurrent refine-
ment process for the power generation data of each renewable source. Four scenarios were
analyzed within this optimization framework: two assessing the performance of single
modules employing each storage technology individually, and two exploring configura-
tions with multiple modules operating in parallel, either with independent storage units or
a single centralized system. Battery storage was identified as the most feasible option based
on the optimization outcomes. Considering the demand characteristics and generation
capacity of the hybrid module, the configuration yielding the best overall performance con-
sisted of a single module incorporating battery storage, achieving 90% demand coverage
and demonstrating economic viability with a Net Present Value (NPV) of 9182.79 € and an
Internal Rate of Return (IRR) of 10.88%.

Keywords: hybrid operation strategies; smart renewable energy solutions; energy management;
ports’ infrastructures; efficiency; sustainability and innovation

1. Introduction
Europe is currently undergoing a broad energy transition driven by the increasing

adoption of clean energy sources. This shift involves the gradual replacement of con-
ventional fossil-fuel-based generation technologies, such as coal and natural gas, with
renewable alternatives. Within this context, the European Union (EU) has introduced
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a comprehensive set of initiatives to accelerate decarbonization not only at the macro-
system scale but also across residential, industrial, and infrastructural domains, including
maritime and port facilities. Port infrastructures, in particular, are recognized as highly
energy-intensive nodes within the transport and logistics chain [1], where electrification
plays a key role in reducing greenhouse gas emissions. Notably, the FuelEU Maritime
Regulation (EU 2023/1805) stipulates that, from 2030 onward, all container and passenger
vessels of 5000 gross tonnage or more must be equipped to connect to onshore power
supply (OPS) systems while berthed [2]. The implementation of such regulatory measures
is expected to substantially increase electricity demand across European ports. Current
projections estimate that shore power consumption could range between 6 and 13 TWh
per year within the European Union ports [3]. To ensure that this process effectively con-
tributes to emission reduction objectives, the electricity supplied to port facilities must
originate from renewable sources. This necessity reinforces the importance of a sustained
and coordinated strategy for the large and micro-scale integration of clean energy gener-
ation within the EU. Given the inherent intermittency of renewable energy sources, the
combination and interaction of multiple generation technologies, supported by energy
storage systems, has become essential to achieving a continuous, reliable, and stable energy
supply. The development of hybrid renewable energy systems consequently emerges as
a key enabler for ensuring energy security and resilience in critical infrastructures, such
as ports. Within this context, initiatives such as HY4RES, co-financed by the EU Interreg
Atlantic Area Programme, are focused on the implementation and evaluation of micro-scale
hybrid renewable systems. One of the selected pilot sites is a Port in Spain, where a hybrid
module integrating solar photovoltaic panels, wind turbines, hydrokinetic turbines, and a
Pump-as-Turbine (PAT) or battery system is being deployed [4]. The objective is to enhance
the energy autonomy and sustainability of port-associated infrastructures through the local
generation of renewable electricity. In addition to this project, a total of three additional
pilot initiatives are being implemented across Spain, Portugal, and Ireland, addressing
sectors that range from agriculture, energy community, and aquaculture to port operations.

Electrifying maritime operations is expected to substantially increase electricity de-
mand across EU ports, making robust energy infrastructure essential to prevent supply
shortages. From 2030 onward, studies estimate that port electricity consumption will reach
between 6 and 13 TWh per year, highlighting the magnitude of the forthcoming transi-
tion [3]. The combined pressures of sustainability targets and rising energy needs indicate
that hybrid energy systems will play a central role in future port operations [5]. Their
feasibility has already been demonstrated in pilot applications, such as the Port of Souda,
where the integration of wind, solar, and storage technologies reduced the LCOE by more
than 50% and supplied up to 90% of total energy under optimal conditions [6]. Additional
evidence from Egypt shows that hybrid systems are both replicable and cost-effective, with
desalination processes benefiting from lower electricity costs and fewer converters com-
pared with single-source renewable configurations [7]. Findings from Ningbo-Zhoushan
further reinforce the limitations of isolated renewable technologies, as scenarios relying
solely on solar generation exhibited notably poor performance [8]. Space constraints remain
a challenge, prompting exploration of offshore hybrid platforms with wind and solar to pre-
serve onshore logistics [9]. Efficient deployment also requires compact, high-energy-density
storage, with lithium-ion batteries (75–250 Wh/kg) widely used, though thermal storage
often offers superior economic advantages in hybrid setups [10,11]. Growing interest in
hydrogen storage, particularly in salt caverns such as Walvis Bay, underscores its potential
due to minimal surface footprint and far higher energy density than lithium-ion batter-
ies [12,13]. Efficient operation of hybrid systems reliant on intermittent sources requires
advanced management and optimization strategies [14]. Reliable climatic and generation
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data, often obtained through predictive systems, are essential, with ensemble learning
methods such as stacking regressors (SR) outperforming single models in forecasting solar
irradiance and wind speed [15]. Artificial intelligence (AI) plays a central role in hybrid
renewable system (HRS) optimization, with 36% of research focusing on AI applications,
though metaheuristic approaches still dominate at 47% [16]. AI supports system sizing,
consumption prediction, load detection, and shifting, reducing LCOE and emissions—up
to 12% in Jeju Island—while mitigating curtailment [17,18]. Complementary tools like
digital twins enhance monitoring and energy management, achieving reliability rates of
97% in office buildings, and are applicable to port facilities [19]. Ultimately, in data-scarce
environments, optimized initial models are critical, with advanced methodologies refining
strategies as more data becomes available.

This broader context has provided the foundation for the development of the present
research. The primary objective of this research is to develop a comprehensive energy
management and optimization model. The proposed Hybrid Operational Strategy (HOPS)
offers several advantages over existing energy management strategies typically applied
in port environments: (i) HOPS was developed under a research project and provides a
modular and scalable architecture capable of integrating up to five renewable generation
sources simultaneously, whereas most existing approaches focus on single-technology or
limited hybrid configurations. This flexibility allows the model to adapt to diverse port
contexts and evolving technological portfolios; (ii) HOPS incorporates a comprehensive
feasibility-assessment framework, processing generation profiles, demand patterns, tariff
structures, and component costs within a unified interface. This contrasts with conven-
tional strategies that often require separate tools or lack the ability to evaluate economic,
operational, and configuration-based scenarios in an integrated manner; (iii) the model’s
energy-balance-driven operational logic enables detailed identification of surpluses and
deficits, simulation of multiple hybrid configurations, and optimization of operational
strategies to ensure economic viability. Existing strategies typically rely on simplified
dispatch rules or static assumptions, limiting their capacity to explore dynamic interactions
between multiple renewable sources and storage options. Finally, HOPS was designed with
accessibility and adaptability in mind, providing a user-friendly interface that supports
rapid scenario testing and decision-making. This enhances its practical applicability for
port authorities and stakeholders who may not have access to advanced optimization tools.
Together, these features position HOPS as a more flexible, comprehensive, and decision-
oriented strategy compared with existing hybrid energy management approaches. This
model allows for simulation and evaluation of multiple operational scenarios to identify
the most efficient configurations and technological combinations, thereby maximizing both
the energy performance and economic viability of the hybrid system.

Hence, the remainder of this research work is organized as follows: Section 2 presents
the methodology adopted for the development of the Hybrid Operational Strategy (HOPS)
model, detailing the refinement of generation data, the definition of demand profiles, and
the internal logic of the simulation–optimization framework. It also describes the model
architecture, key input parameters, and the structure of the energy management interface.
The selected technologies in this research correspond to the configuration of the research
project HY4RES pilot system, and the broader applicability of HOPS refers to its modular
architecture. Section 3 introduces the configuration of the hybrid renewable energy module,
including the characteristics of the photovoltaic, wind, and hydrokinetic systems, as well
as the two storage technologies—Pump-as-Turbine and battery systems—evaluated in
this research. Section 4 reports the results of the four operational scenarios, comparing
the performance of single-module and parallel-module configurations and assessing their
energy balance, operational behavior, and economic feasibility. It discusses the implica-
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tions of the findings, highlighting the advantages and limitations of each configuration
and the practical relevance of the HOPS model for port-energy planning, efficiency and
sustainability. Finally, Section 5 summarizes the main conclusions and outlines future
research directions, particularly regarding the expansion of HOPS toward more advanced
optimization capabilities and broader applicability in port infrastructures.

2. Methodology
To ensure the accurate evaluation and testing of the different scenarios, it has been

necessary to analyze the generation values [20]. This review has enabled verification of
whether the preliminary estimations are consistent with the results obtained through more
refined and advanced calculation methods. The refinement process has represented a
key component of the study, as the outcomes of different scenarios depend directly on
the hourly generation achieved by each renewable source. Moreover, it has provided
the foundation for the development of the energy management and optimization tool
implemented in the MS Solver add-in. Accordingly, the adopted methodology comprises
the validation of hourly generation data, the selection of demand profiles to be satisfied,
and the subsequent definition of the optimization tool’s internal logic.

2.1. Energy Management Model Definition and Structure
2.1.1. Energy Management Framework

Accurate and well-structured data on energy generation and demand is fundamental
to understanding the dynamics between supply and consumption, enabling a more compre-
hensive analysis of the system’s energy balance. To effectively evaluate and manage these
parameters, it is essential to develop a robust analytical tool that offers detailed insights
into energy usage, its purposes, patterns, and efficiencies. Such a tool would not only
support smarter energy management but also enhance economic outcomes and promote
environmental sustainability.

To achieve these objectives, an energy management interface has been developed,
selected for its broad accessibility and user-friendly features. The interface offers an
intuitive, visually streamlined experience, allowing for efficient control of the hybrid
energy module. Designed with flexibility in mind, the tool is both scalable and location-
independent, making it suitable for a wide range of deployment scenarios. Whether in
urban environments like the one studied or in remote rural areas near rivers or other
water sources, the tool adapts seamlessly. By enabling effective energy management
across diverse settings, it contributes to more sustainable and efficient energy use on a
broader scale.

HOPS is designed as a combined simulation and optimization platform. Its core
structure relies on a simulation-based energy balance model that processes generation
profiles, demand patterns, tariff structures, and storage behavior. The estimation of output
power from photovoltaic, wind, and hydrokinetic systems does not rely on statistical data
processing or probability distributions. Instead, the model uses pre-processed hourly
generation profiles obtained from validated external tools and datasets obtained in lab tests
developed within the HY4RES project. Building on these simulations, HOPS incorporates
an optimization layer that evaluates multiple hybrid configurations and operational strate-
gies to identify the most economically viable solution for each scenario. HOPS (Hybrid
Operational Strategy) is the platform simulation model developed specifically to support
the analysis and optimization of a hybrid energy module. It processes a set of key input
parameters, such as energy generation profiles, demand patterns, and tariff structures,
alongside a detailed inventory of component quantities and their specific costs. These
inputs provide the foundational data necessary for conducting comprehensive feasibility
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studies, directly influencing both the economic viability and energy performance of the
proposed solution.

Built to be adaptable, HOPS currently supports the integration of up to five generation
sources. This study focuses on three primary technologies: photovoltaic, wind, and hydroki-
netic power. For energy storage, the tool accommodates either pump-as-turbine systems
or battery storage, aligning with the operational scenarios being evaluated. This modular
design enables tailored system configurations while maintaining clarity and control over
the modeling process.

To enhance its capabilities and broaden its application, HOPS can also be used in
Python 3.14.0. With this progress will not only support the integration of additional
storage technologies and more complex system architectures but will also enable the
implementation of advanced analytical features. By strengthening both functionality and
scalability, HOPS is positioned to become a versatile decision-support tool for sustainable
energy planning across a wide range of contexts. The underlying logic of the tool is
based on the establishment of initial energy balances, which enable the identification of
energy surpluses and deficits at any time. From this basis and depending on the available
energy resources and storage technologies, the model allows for the simulation of multiple
scenarios, whether operating a single module or several in parallel. After evaluating the
various configurations supported by the interface, the optimal operational strategy for the
hybrid energy module is determined to ensure economic feasibility. In cases where viability
cannot be achieved directly, the tool calculates an appropriate energy multiplier ratio to
support long-term investment recovery. Figure 1 illustrates the interface logic, from the
input of initial data to the generation of final results.

Figure 1. HOPS software logic flow diagram.

2.1.2. Key Parameters

With a clear understanding of the operating logic behind HOPS, it is essential to ex-
plore in detail the key components that constitute the tool. This includes a thorough analysis
of its inputs, the system’s cost breakdown, and the outputs it produces. Given their com-
plexity and centrality, all the scenarios will be addressed individually and comprehensively
in future sections.

In any management or computational tool, the quality of the initial inputs is paramount,
as they directly influence the accuracy and reliability of the resulting outputs.

In this initial version of HOPS, pre-calculated input data has been deliberately chosen
to accelerate scenario simulations and conserve computational resources that would other-
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wise be required for real-time generation modeling from various renewable sources. The
data has been annualized and structured with hourly granularity to ensure both accuracy
and usability in subsequent analyses.

As previously noted, HOPS has been developed to streamline data processing and
facilitate swift, accurate decision-making. To support this objective, the number of required
inputs for simulations has been strategically limited to three core categories: energy de-
mand, energy generation, and tariff pricing. The interface also incorporates a navigation bar
that allows users to easily access different scenarios and sections, an element present across
all Excel tabs for intuitive use. Figure 2 provides an overview of the interface, highlighting
the section dedicated to data entry for subsequent processing.

 

Figure 2. Input data entry screen in HOPS.

HOPS currently supports the entry of up to twenty-three demand points, from which
users must identify those that could be served by one or more hybrid modules. From the
total of twenty-three consumption points, up to three profiles can be analyzed simulta-
neously. These profiles can either be grouped together and assigned to a single hybrid
module or allocated across three separate modules in parallel configurations. To stream-
line the process and minimize the need to navigate back to the inputs tab, drop-down
menus are available, allowing for efficient selection of the desired profiles, as demonstrated
in Figure 3.

 

Figure 3. HOPS interface for demand profile selection.
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Furthermore, a dedicated tab is included to graphically display the profiles, allowing
users to assess their behavior, identify usage patterns, and, at an early stage, pinpoint
periods during the year when the hybrid module may experience higher demand or when
a greater portion of the system’s storage capacity might be needed. In addition to the visual
representation, the tool provides monthly and annual values for each profile, as well as
the percentage contribution of each demand relative to the total consumption of the three
selected profiles. The discretization of the demand profiles is directly determined by the
availability and granularity of the real port data.

As with the selected consumption points, the generation units offer a graphical repre-
sentation of their profiles and the corresponding impact on the total system (Figure 4). The
key difference is that, since a maximum of five energy production systems can be entered,
there is no need for users to individually select each technology. Instead, all available
generation sources are displayed within the interface. If fewer than five sources are uti-
lized, any unfilled columns are automatically interpreted as representing zero production,
maintaining the system’s flexibility.

 

Figure 4. HOPS interface for demand profile visualization.

Regarding the selection of the tariff model, it is currently aligned with the structure
established in Spain, requiring the input of period-specific electricity prices based on utility
bills for each infrastructure. In scenarios where multiple consumption points are associated
with different electricity providers, resulting in varying rates, either an average tariff must
be calculated, or separate simulations should be conducted for each infrastructure. These
values are critical, as they significantly influence the economic outputs of the analysis;
therefore, their accurate definition is essential to properly assess the overall viability of the
system’s implementation.

2.2. Validation of Actual Generation Data

The validation process of the energy production data from the different sources
comprising the hybrid module begins with the definition of the characteristics and per-
formance ratios used, together with the results obtained from the preliminary design
phase in which the project was conceived. All these data are presented in Table 1, which
serves as a reference for subsequent comparison with the results derived from alternative
calculation methods.
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Table 1. Preliminary characteristics and outcomes defined in the base case.

Photovoltaic Unit Wind Unit Hydrokinetic Unit PAT Unit

Power per installed component (W) 405 800 - 200

Number of components 2 3 2 1

Total power installed (W) 810 2400 - 200

Average solar irradiation (kWh/m2/day) 3 - - -

Area swept by turbine (m2) - 0.45 0.28 -

Average wind potential (W/m2) - 250 - -

Average water velocity (m/s) - - 0.7 -

Energy Generated (kWh/year) 567.65 473.04 135.55 140.16

Contribution (%) 43% 36% 10% 11%

It is worth mentioning that the literature utilization factors (30–33% for PV and 40–60%
for wind) correspond to large-scale, utility-level installations operating in optimal condi-
tions. In contrast, the systems analyzed in this research are micro-generation units installed
in a port environment, where (i) wind conditions are highly variable and often turbulent
due to surrounding infrastructure, (ii) the small wind turbine has a higher cut-in speed
and lower aerodynamic efficiency, and (iii) the PV panels operate closer to their nomi-
nal performance under the local climate. Based on the data presented in Table 1, it was
observed that the use of annual averaged values extrapolated over an entire year could
lead to potential discrepancies when estimating total energy production, since wind speed,
solar irradiation, and tidal activity are not uniform over time. To address this limitation,
the adopted approach focused on obtaining hourly data for both solar irradiation and
wind speed, as well as identifying tidal patterns that would allow the determination of
the operational windows for the hydrokinetic turbines. This information was sourced
from PVGIS [21] (for irradiation and wind data) and the PORTUS database (for tidal
cycle analysis) [22].

By following the generation ratios defined with a customized hourly approach, a much
more realistic treatment of the data is enabled. Different methodologies were then applied
to estimate the energy generation from each renewable source. For the photovoltaic system,
PVsyst 8 software, widely used in the industry, was employed, as it allows for detailed
modeling including near-shading profiles, electrical and thermal losses, and professional
layout design with optimized panel tilt and orientation.

For the wind energy unit, given that residential-scale wind turbines were used, it was
more challenging to identify software capable of accurately modeling energy generation.
Therefore, the turbine’s power curve was estimated as a function of wind speed, using
its commercial specifications: cut-in speed (2 m/s), nominal power speed (11 m/s), and
cut-out speed (25 m/s). A trend line was then derived, resulting in Equation (1), from
which the hourly power extracted from the turbine (Pturb) was calculated using the wind
speed data (v) obtained from PVGIS.

Pturb = 0.0002·v6 − 0.0153·v5 + 0.5673·v4 − 10.112·v3 + 82.934·v2 − 185.33·v + 111.66 (1)

For the hydrokinetic unit, its operational behavior has been defined based on the
periodic variation of tidal flow velocities, which occur in six-hour cycles, between higher
and lower speeds. Using this information, together with the generation values per square
meter identified in previous studies for the Port of Avilés, it was determined that the
turbines operate for six consecutive hours followed by six hours of inactivity, resulting
in a generation rate of 0.0995 kWh/m2, for the specific location where the module has
been implemented [23,24].
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Considering all the criteria and processes discussed, the application of more advanced
methodologies and analytical procedures resulted in an energy generation output 253%
higher than the initial estimates based on fixed ratios. This outcome clearly demonstrates
that the variability of renewable energy sources cannot be accurately represented by a static
value. The detailed results are presented in Table 2.

Table 2. Final source contribution with the application of alternative calculation methodologies.

Photovoltaic Unit Wind Unit Hydrokinetic Unit

Total power installed (W) 810 2400 75

Energy generation (kWh) 784.73 2309.03 244.05

Coverage (%) 24% 69% 7%

2.3. Demand Profile Selection

The selection of demand profiles constitutes another key factor that defines the method-
ology and directly influences the optimization of the hybrid module, together with the
associated tariff structures. Among the 23 consumption points for which energy demand
data were available for the year 2023, those that best matched the generation scale of the
hybrid module were selected. Of these, only three were found to fall within the coverage
capabilities of the designed renewable generation system, all of which were assigned to
the 2.0TD tariff category, typically applied to low-demand infrastructures. The remaining
facilities exhibited significantly higher demand levels, making the use of energy storage
at those points unnecessary, as all available generation would be fully utilized to meet
as much demand as possible. Under such conditions, it would be difficult to effectively
evaluate the operational functionality of the hybrid system.

The total annual energy to be supplied, derived from the sum of the selected demand
profiles, amounts to approximately 1405.17 kWh, which falls well within the generation range
of the module. Although the associated tariffs do not directly influence the system’s energy
performance, they have a notable impact on the economic recovery of the investment. In
addition to selling surplus energy to the grid, the feasibility of redistributing excess generation
to infrastructures operating under higher-cost tariff categories, specifically the 3.0TD tariff,
has been studied. Figure 5 shows the energy profiles for the selected infrastructures.

2.4. Definition of the Energy Management and Optimization Tool

Energy generation, demand, and tariff values constitute essential inputs for the operation
of the developed optimization tool. Its core logic is based on identifying energy surpluses
and deficits from an initial energy balance, which are subsequently managed according to the
available storage capacities of either the PAT or battery systems at each hour.

Using this balance and the selected storage technology, the tool evaluates multiple
configurations, both individual and parallel, to assess energy performance and determine
the optimal number of renewable components to install, through a parameter called units
multiplier, together with the storage capacity. The objective is to satisfy predefined coverage
targets while maximizing economic efficiency through financial analysis.

The optimization process is subject to spatial constraints (available surface area for
module installation), maximum investment limits, and minimum coverage requirements
from direct renewable generation and storage contribution. Considering these restrictions
and the defined module costs, the tool calculates the cost per installed kW for each source
and allocates resources to achieve optimal compliance. Finally, by applying predefined
surplus management strategies, such as redirecting excess energy to higher-tariff infras-
tructures or selling it to the grid, the model identifies the configuration that yields the
highest economic return while meeting all technical performance criteria. The following
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Figure 6 presents the optimization schemes for both single-module (M1) and multi-module
(M1-M2-M3 in parallel) configurations.

 

Figure 5. Selected demand profiles and total consumptions in kWh.

 

Figure 6. Optimization scheme for individual (M1) and parallel (M1-M2-M3) configurations.
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3. Scenario Definition and Formulations
Following the definition of the methodology used to obtain the input data and the

description of the operation of the energy management and optimization tool, the charac-
teristics of each tested scenario are presented. Four scenarios are defined to reflect the real
decision-making needs of the HY4RES pilot installation and to evaluate the performance of
the HOPS model under progressively more complex operational configurations: (i) The first
two scenarios assess the behavior of a single hybrid module using each storage technology
independently (battery and PAT). These scenarios establish the baseline performance of
each storage option and allow a direct comparison of their technical and economic feasibil-
ity. (ii) The next two scenarios evaluate parallel configurations, where multiple modules
operate simultaneously. These scenarios are essential because the pilot system may need
to supply more than one demand energy sector point, and parallel operation introduces
additional challenges related to energy sharing, storage coordination, and system scala-
bility. One scenario considers independent storage units for each module, while the other
evaluates a shared, centralized storage system.

Together, these four scenarios represent the full range of realistic operational configu-
rations for the pilot system and allow the HOPS model to be tested under both simple and
complex conditions.

3.1. Scenario 1: Single Module with PAT System

Scenario 1 is based on the use of a single module to supply energy to the three selected
consumption profiles. The particularity of this scenario lies in the use of the PAT as an
energy storage solution. This configuration requires consideration of several additional
factors during testing, such as the efficiency of the PAT system (ηPAT), assumed here to
be 60%, and the elevation of the tank (H), which is positioned approximately 5 m above
ground level. When employing a storage system of this nature, the process necessarily
involves a conversion between volume (V) and energy. Consequently, the energy balance
expressed in Equation (2) must be complemented by Equation (3) [24,25], ensuring the
correct conversion between the energy balance (ENET,t) and the corresponding volume to
be stored.

ENET,t = (EPV,t + EWIND,t + EHYDRO,t)− ELOAD,t (2)

V =
ESur,t·3.6·106

ηPAT·ρ·g·H
(3)

For this scenario, four operational stages have been defined for the module: a tank
charging phase, a discharging phase, a deficit identification phase, which detects any re-
maining unmet demand that must be supplied by the grid, and, finally, the determination
of the tank’s current state. Additional relevant parameters in this operational framework
include the initial tank volume, set at 50% of its estimated capacity during the first opera-
tional hour, and the maximum discharge limit, established to prevent cavitation and other
undesired events. In this case, the system is designed to always maintain a minimum of 5%
of the tank’s total capacity.

Determining when the storage tank can be charged begins with referencing the initial
energy balance defined in Equation (4). This balance serves as the key indicator of whether
surplus energy is available for storage or if a deficit must be covered using the tank’s
reserves. Within the simulation and optimization framework, system operation adheres
to a core principle: surplus energy shall not be exported unless the storage tank has
reached its maximum capacity. This approach reflects the system’s overarching objective of
maximizing energy self-sufficiency and minimizing reliance on external sources.
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To enable the management model to determine tank charging and surplus energy
allocation, a set of governing equations has been defined. These ensure proper operation of
the hybrid module according to the available energy at each time step. The formulation
differs between the initial hour, which relies on predefined conditions, and subsequent
hours, which depend on the preceding system state. Since charging must be interpreted in
both energy and volume terms, the conversion in Equation (3) is applied.

Vfill,0 =


∣∣∣∣ENET,0·3,600,000

ρ·g·H

∣∣∣∣, if ENET,0 > 0 and
∣∣∣∣ENET,0·3,600,000

ρ·g·H + Vmax·
V50%

100

∣∣∣∣ < Vmax

0, otherwise
(4)

where Vf ill,0 denotes the water volume allocated to the tank in the initial time step (m3),
Vmax is the maximum tank capacity (m3), V50% refers to the 50% of tank capacity (m3), and
ENET,0 corresponds to the net energy balance at the initial time step (kWh). Equation (4)
specifies that when the initial energy balance is positive and the combined volume of the
storable surplus and the initial tank level remains within the tank’s maximum capacity, the
full surplus volume is stored. If either condition is not met, no energy is allocated to the
tank, and storage remains unchanged.

For all subsequent time steps, the same logic applies but is adapted to the system’s
evolving state. Tank charging depends on the residual volume from the previous hour,
and the surplus energy generated in the current hour. However, full utilization is possible
only when the surplus does not exceed the remaining capacity; otherwise, only the storable
portion is used, with any excess managed according to the predefined strategy. This
charging logic for successive hours is formalized in Equation (5).

Vfill,t =



∣∣∣∣ENET,t·3,600,000
ρ·g·H

∣∣∣∣, if ENET,t > 0 and
∣∣∣∣ENET,t·3,600,000

ρ·g·H

∣∣∣∣+ Vrem,t−1 < Vmax

Vmax − Vrem,t−1, if ENET,t > 0 and
∣∣∣∣ENET,t·3,600,000

ρ·g·H

∣∣∣∣+ Vrem,t−1 > Vmax

0, if ENET,t ≤ 0

(5)

In this equation, Vf ill,t corresponds to the volume of water assigned to fill the tank at
a specific time step (m3), ENET,t refers to the net energy balance at that specific time step
(kWh) and Vrem,t−1 indicates the remaining volume in the tank from the previous time step
(m3). All other variables retain the definitions provided in the preceding equations.

While tank loading serves as a cornerstone in defining the energy model, robust deficit
management is equally essential to ensure reliable operation of the hybrid system. In
periods of insufficient renewable generation, the PAT system must be leveraged to deliver
the maximum feasible energy output, all while preserving the technical integrity and
economic viability of the overall configuration.

Before assessing the extent to which the storage system can compensate for the energy
deficit, it is crucial to first evaluate the actual volume demand, factoring in the inherent
inefficiencies of the system. As previously discussed, various loss factors within the PAT
system can significantly impact performance. These must be thoroughly accounted for to
ensure the accuracy of all estimations and to prevent operational misjudgements that could
compromise the reliability of the results.

To accurately reflect system inefficiencies, the efficiency parameter is incorporated into
the calculation of the water volume required to cover the energy deficit for a given hour. For
instance, if the system operates at 60% efficiency, a proportionally higher volume of water
must be discharged from the tank to deliver the required energy output. This efficiency
factor, along with other critical parameters such as hydraulic head, is fully configurable by
the user, ensuring adaptability to a wide range of system specifications. The quantitative
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relationship between water volume required, Vneed,t (m3), and net energy is formalized
through Equation (6).

Vneed,t =


∣∣∣∣ENET,t·3,600,000

ηPAT·ρ·g·H

∣∣∣∣, ENET,t < 0

0, otherwise
(6)

Once the water volume necessary to cover the rest of the demand is defined, the
discharge volume, Vdisch,0 (m3), for the initial time step and, Vdisch,t (m3), for subsequent
ones, must be determined to generate energy through the turbine. This discharge depends
on the storage level at each step and must respect the user-defined minimum threshold,
V5% (m3). The conversion from energy deficit to water volume remains constant, as it is
independent of the tank’s state. Moreover, discharge behavior differs between the first hour
and later steps: the initial condition follows user-defined parameters, Equation (7), while
subsequent discharges depend on the storage level from the preceding hour, Equation (8).

Vdisch,0 =

{
Vneed,0 , if Vmax·

(
V50%
100

)
≥ Vneed,0 and Vmax·

(
V50%
100

)
− Vneed,0 > Vmax·

(
V5%
100

)
Vmax·

(
V50%
100

)
− Vmax·

(
V5%
100

)
, otherwise

(7)

Vdisch,t =

0 , if Vrem,t−1 = Vmax·
(

V5%
100

)
or ENET,t ≤ 0

Vneed,t , if Vrem,t−1 − Vmax·
(

V5%
100

)
≥ Vneed,t

Vrem,t−1 − Vmax·
(

V5%
100

)
, if

(
Vneed,t > Vrem,t−1 or Vrem,t−1 − Vmax·

(
V5%
100

)
< Vneed,t

)
and Vrem,t−1 ≥ Vmax·

(
V5%
100

)
(8)

Once the tank’s charging and discharging dynamics have been defined, the next step
is to assess the system’s energy balance following the operation of the PAT system. This
evaluation determines whether the energy supplied by the storage system is sufficient
to meet the previously identified deficit, or if a residual shortfall must be covered by the
electricity grid. The analysis involves comparing the estimated energy demand with the
energy equivalent of the volume discharged from the tank. This is achieved through a
volume-to-energy conversion, ensuring that the discharged volume corresponds accurately
to the initial deficit. The process is formally controlled by Equation (9), defining the energy
in terms of volume, Vcov,t (m3), that cannot be covered through the storage system.

Vcov,t =

{
Vneed,t − Vdisch,t, if Vneed,t > Vdisch,t

0, if Vneed,t ≤ Vdisch,t
(9)

Ultimately, defining the final state of the tank after the charging and discharging
processes is critical, as each time step is intrinsically linked to the previous one, and the
available storage at the end of a given hour—Vrem,0 (m3) for the initial time step and
Vrem,t (m3) for the following ones—determines the operational flexibility for the next. Al-
though the model’s logic has been presented in a structured sequence, with the final volume
determination appearing as the last phase, it is important to recognize that the system
functions through continuous, bidirectional interactions. Therefore, the sequence serves
more as a conceptual framework than a rigid procedural order. Among all components
of the model, the control of the final tank state is the most complex, requiring the greatest
number of equations, as it must dynamically account for both energy surpluses and deficits
across all time steps, as can be seen in Equations (10) and (11).
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Vrem,0 =



Vmax·
(

V50%
100

)
+ Vfill,0 , if Vfill,0 > 0

Vmax·
(

V50%
100

)
− Vneed,0 , if Vmax·

(
V50%
100

)
− Vneed,0 ≥ Vmax·

(
V5%
100

)
Vmax·

(
V5%
100

)
, if Vmax·

(
V50%
100

)
− Vneed,0 < Vmax·

(
V5%
100

)
Vmax·

(
V50%
100

)
+ Vfill,0 − Vneed,0 , if Vmax·

(
V50%
100

)
+ Vfill,0 − Vneed,0 < Vmax

Vmax , if Vmax·
(

V50%
100

)
+ Vfill,0 − Vneed,0 ≥ Vmax

(10)

Vrem,t =


Vmax·

(
V5%
100

)
, if Vrem,t−1 + Vfill,t − Vneed,t ≤ Vmax·

(
V5%
100

)
Vrem,t−1 + Vfill,t − Vneed,t , if Vrem,t−1 + Vfill,t − Vneed,t < Vmax

V
max

, if Vrem,t−1 + Vfill,t − Vneed,t ≥ Vmax

withVrem,t+1 ≥ 5% Vmax , ∀t

(11)

The optimization and distribution of resources are constrained by financial, spatial,
and energy coverage limitations. In this case, the maximum available budget is set at
25,000 €, the usable area is limited to 100 m2, and it is established that at least 70% of the
total demand must be met through renewable generation and the use of the PAT system.

Efficient surplus energy management is critical to optimizing the financial performance
of energy projects and shortening the return on investment period. A particularly promising
strategy involves selling excess energy, those amounts not captured by the storage system,
to the grid [26,27]. This enables the creation of an additional revenue stream and enhances
overall project profitability. Surplus energy fed into the grid is typically compensated at
rates lower than the retail purchase price. Therefore, selecting an energy off-taker that offers
the most favorable compensation rate is essential to maximizing the economic viability of
this strategy. In the context of the current case study, the assumed sale price is based on
the simplified compensation mechanism applicable to grid-connected self-consumption
photovoltaic systems in Spain. This mechanism generally offers compensation in the range
of 0.05 €/kWh to 0.10 €/kWh. For modeling purposes, a representative midpoint value
of 0.07 €/kWh has been adopted. To clarify the relationships and energy flows between
the various agents involved in this scheme, a flow diagram has been developed and is
presented in Figure 7.

To evaluate the effectiveness of the proposed strategy, a comprehensive economic
model has been developed. This model quantifies, first, the annual cost savings achieved
through reduced electricity purchases, based on the tariff structure detailed in the Method-
ology Section. Second, it estimates the additional revenue generated from the sale of
surplus energy to the grid, providing a complete picture of the strategy’s financial impact.

The annual cost savings and revenue from surplus energy sales serve as the primary
indicators of the strategy’s economic performance, directly influencing the investment’s
payback period. In this study, financial projections are extended over a 25-year horizon,
aligned with the estimated operational lifespan of the hybrid module.

By analyzing the energy purchase prices across different periods and tariff models, as
detailed in the Methodology Section, in conjunction with the average energy sale price, it
has been determined that an alternative approach could potentially optimize the benefits
from surplus energy management.

Considering the relatively low energy sale price and the structure of tariffs such as 3.0TD,
where, during certain periods, energy purchase costs can exceed the sale price by up to threefold,
an effective strategy would be to redirect surplus energy to high-demand areas within the port.
This would significantly enhance economic savings by maximizing self-consumption where the
cost differential is greatest. Additionally, this approach would reduce reliance on the external grid,
leading to fewer transactions between the hybrid module and the network. As a result, it would
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not only lower emissions but also decrease grid demand for both the targeted infrastructures and
other buildings subject to the 3.0TD tariff, amplifying the overall environmental and economic
benefits. Taking into account the specific modification of reallocating surplus energy, the remain-
ing calculations from the previous strategy will remain unchanged. The same evaluation criteria
and performance indicators will be applied to assess the viability of this revised approach, once
all technical and economic parameters of the case study have been defined. Figure 8 illustrates
the updated flow graphic, outlining the operational adjustment incorporated into the strategy.

Figure 7. Directional energy flow for strategic selling of surplus energy using.

 

Figure 8. Directional energy flow for strategic redistribution under 3.0TD tariff, using PAT system.
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It is important to note that these two surplus management strategies will be applied
consistently across all scenarios [28,29]. Therefore, from this point onward, only the
economic outcomes resulting from the implementation of both strategies will be presented,
with an emphasis on identifying the most advantageous option in each case.

3.2. Scenario 2: Single Module with Battery System

Scenario 2 aims to evaluate whether the use of batteries as an energy storage system
proves to be more advantageous compared to the PAT-based configuration, while main-
taining the installation of a single module to cover the three selected consumption profiles.
One of the main distinctions in this case is that the process does not involve any conversion
between volume and energy, which considerably simplifies the testing of this scenario.
Similar to Scenario 1, an initial state of charge of 50% of the total storage capacity is defined,
along with a maximum Depth of Discharge (DoD) set at 97%.

One of the main advantages of using batteries compared to the PAT system is that
their operation requires fewer components. In this case, there is no need for a storage tank,
a reversible pump-turbine, or the associated piping and valve system that constitutes the
PAT setup. This reduction in system complexity not only lowers the overall investment
requirements but also significantly decreases the physical space needed.

To ensure consistency and enable a realistic comparison between Scenarios 1 and 2,
the same investment level of 25,000 €, the same available area of 100 m2, and a minimum
coverage requirement of 70% are maintained.

The battery charging process follows the same fundamental logic applied to the tank
in Scenario 1, with modifications tailored to the specific technical characteristics of battery
storage systems. Charging is initiated when renewable energy generation exceeds the
system’s demand during a given time step, resulting in a surplus. Once this surplus is
detected, the system determines whether it can be stored, subject to defined lower and
upper operational limits. A maximum threshold, established by the battery’s technical
specifications, ensures that the system does not exceed its permissible storage capacity.

This control logic is formalized in Equations (12) and (13), which adopt a structure
similar to that used in Scenario 1. As with the PAT-based model, a clear distinction between
the first time step, Bcharge,0 (kWh), and subsequent intervals, Bcharge,t (kWh), is maintained
throughout the simulation, ensuring continuity in the system’s dynamic behavior.

Bcharge,0 =


ENET,0 , if ENET,0 > 0 and ENET,0 +

(
Bmax· SoC50%

100

)
< Bmax

Bmax·
(

1 − SoC50%
100

)
, if ENET,0 > 0 and ENET,0 +

(
Bmax· SoC50%

100

)
≥ Bmax

0 , if ENET,0 < 0

(12)

Bcharge,t =


ENET,t, if ENET,t > 0 and SoC,t + ENET,t ≤ Bmax

Bmax − SoC,t, if ENET,t > 0 and SoC,t + ENET,t > Bmax

0, if ENET,t ≤ 0

(13)

In these equations, Bmax (kW) refers to the battery maximum capacity, and SoC50%

corresponds to the state of charge of the battery at 50% of the total capacity.

3.2.1. Battery Discharge

Regarding battery discharge, this process is governed by Equations (14) and (15). Just
as with battery charging, it is essential to define clear operational limits. In this case, the
maximum allowable discharge, previously set by the user, must be strictly controlled to
ensure compliance with established safety requirements.
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Bdisch,0 =


|ENET,0|, if ENET,0 ≤ 0 and Bmax·

(
Soc50%

100

)
− |ENET,0| ≥ Bmax·

(
100 − DoD97%

100

)
and ENET,0 ≤ Pmax

0, if ENET,0 < 0 and Bmax·
(

Soc50%

100

)
− |ENET,0| < Bmax·

(
100 − DoD97%

100

)
0, if ENET,0 > 0

(14)

Bdisch,t =
|ENET,t|, if ENET,t < 0 and SoCt−1 − |ENET,t| ≥ Bmax·

(
100 − DoD97%

100

)
and ENET,t ≤ Pmax

SoCt−1 − Bmax·
(

100 − DoD97%
100

)
, if ENET,t < 0 and SoCt−1 − |ENET,t| < Bmax·

(
100 − DoD97%

100

)
0, if ENET,t ≥ 0

(15)

The formulation of Equations (14) and (15) is marked by the definition of the battery
discharge at the initial state, Bdisch,0 (kWh), the maximum power of the battery that can be
discharged in one hour, Pmax (kW), the maximum depth of discharge allowable, DoD97%,
the discharge of the battery in the subsequent time steps, Bdisch,t (kWh), and the state
of charge from the previous time step, SoCt−1 (kW). The rest of the variables have been
defined before.

3.2.2. State of Charge Management

Accurately determining the battery state of charge is fundamental to the proper
functioning of the system, as it directly influences subsequent charging and discharging
operations. Any error in estimating the SoC can compromise the performance of the hybrid
module, particularly if surplus energy is not managed as intended, resulting in system
behavior that deviates from expected outcomes. The definition of the battery state of
charge is considerably more straightforward compared to the PAT configuration involving
a tank-based storage system. This highlights one of the key simplifications achieved in
the development of the management model, enabled solely by modifying the type of
storage employed. This change not only reduces system complexity but also facilitates
more seamless interactions between the various operational processes, as detailed in
Equations (16) and (17).

SoC,0 =

(
Bmax·

SoC50%

100

)
+ Bcharge,0 − Bdisch,0 (16)

SoC,t = SoC,t−1 + Bcharge,t − Bdisch,t (17)

where SoC,0 (kW) corresponds to the state of charge at the initial time step and SoC,t (kW)
refers to the state of charge in the following time steps. In this context two key parameters
must be considered—the state of charge (SoC) and the depth of discharge (DoD)—the latter
of which refers to the percentage of the battery that has been discharged in comparison to
the overall capacity. The initial SoC is set at 50%, aligning with the initial charge level of
the storage tank when compared with a PAT system. However, the maximum permissible
discharge is 97%, reflecting the use of deep-discharge battery technology while maintaining
a small buffer to prevent complete depletion.

3.3. Scenario 3: Parallel Management Using a Centralized Storage Configuration

Scenario 3 introduces a shift in the case study by implementing three modules operat-
ing in parallel, each individually assigned to one of the selected consumption profiles. In
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this configuration, a single shared storage unit is employed for all three modules (Figure 9).
Each module primarily seeks to meet the demand of its corresponding consumption pro-
file, while any surplus energy generated is redirected to the shared storage system. This
stored energy can then support modules whose generation is insufficient to fully meet their
respective demand profiles.

 

Figure 9. Flow diagram of parallel module distribution with centralized storage unit.

In this case, priority is given to charging the storage system, and once it reaches full
capacity, any remaining surplus energy is managed according to the selected excess-energy
handling strategy. This represents a slight deviation from the operational approach adopted
in the previous two scenarios. The decision to prioritize the storage system at all times
makes the use of the PAT system less advantageous, as it exhibits greater inefficiencies
compared to battery-based systems and has a lower energy density, thereby limiting the
proportion of surplus energy that can be effectively utilized.

The use of three modules instead of a single one means that neither the spatial require-
ments nor the cost of each module can be maintained as previously defined in the earlier
scenarios. The inclusion of additional components, such as containers and higher-cost gen-
eration units, for example, wind and hydrokinetic turbines, makes it difficult to implement
all three modules within the original budget and spatial constraints, while still allowing
flexibility for system optimization through the adjustment of the number of generation
units for each source. For this reason, a revised budget limit of 50,000 € is established
for this scenario, along with an expanded available area of 200 m2. It is important to
note that not all modules are allocated the same amount of space; rather, the distribution
is determined by the assigned consumption profile. Specifically, Module 1 is allocated
120 m2, Module 2 receives 20 m2, and Module 3 is assigned 60 m2. This configuration
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enables a more flexible allocation of unit multipliers, aligning generation capacity with the
magnitude of each consumption profile. As a result, higher-demand profiles are assigned
additional space for components, allowing for increased generation capacity.

The implementation of parallel configurations constitutes a key advancement in this
study, enabling a comprehensive evaluation of module performance under coordinated
operation. In this arrangement, each module is assigned a unique demand profile, while
surplus energy is redirected to a centralized storage system rather than individual storage
units. This design strategy aims to maximize resource sharing and inter-module support,
thereby enhancing overall system operational synergy.

While the internal logic of the model remains based on the equations established in
the initial two scenarios, several dynamic modifications have been introduced. In this
configuration, surplus energy generated by any module is consistently directed to support
the central storage system rather than being immediately allocated to other modules in
need. The central storage then supplies the necessary energy to units unable to meet their
assigned demand. This operational approach minimizes deep discharges observed in
previous scenarios and prioritizes maintaining support from the generating units to the
storage system whenever feasible.

It is important to highlight that this operational approach is advantageous only if
the storage system does not introduce significant conversion losses that would reduce
overall efficiency. Consequently, batteries represent the most viable option, as the PAT
system, with an efficiency of approximately 60%, would incur substantial energy losses
when continuously prioritizing storage. Figure 9 illustrates the flow diagram detailing the
operation and interactions among the system’s primary components.

As previously noted, the fundamental equations governing the system remain largely
unchanged; however, minor adjustments have been introduced in the battery loading
process. The mentioned modifications are demonstrated in Equations (18)–(20):

Esurplus,t =

{
ENet(M1),t, if ENet(M1),t > 0

0, otherwise
+

{
ENet(M2),t, ENet(M2),t > 0

0, otherwise
+

{
ENet,(M3),t, ENet(M3),t > 0

0, otherwise
(18)

Bcharge,0 =


Esurplus,0, if Esurplus,0 > 0 and Esurplus + Bmax·

(
SoC50%

100

)
≤ Bmax

0, if Esurplus,0 ≤ 0

Bmax − Bmax·
(

SoC50%

100

)
, if Esurplus,0 > 0 and Esurplus + Bmax·

(
SoC50%

100

)
≥ Bmax

(19)

Bcharge,t =


Esurplus,t, if SoC,t + Esurplus,t ≤ Bmax

Bmax − SoC,t, if SoC,t + Esurplus,t ≥ Bmax

0, if SoC,t = Bmax

(20)

where ENet(M1),t, ENet(M2),t and ENet(M3),t (kWh) correspond to the net energy balance for
module 1, 2 and 3, respectively, at a specific time step, and Esurplus,t (kWh) refers to the
total combined energy surplus in the parallel management configuration. The rest of the
variables have been previously defined.

As presented in Equation (18), the system initially evaluates the energy balance across
the three modules, identifying and aggregating any surplus energy. When a positive
balance is detected, the system assesses the storage unit’s available capacity to absorb
this surplus. If sufficient capacity exists, the excess energy is promptly stored in the
batteries, without considering potential deficits in other modules. Once the storage system
reaches its maximum capacity, any remaining surplus is designated as final surplus and
managed according to the predefined strategy, namely, redirecting the energy to other port
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infrastructures at preferential rates, as previously outlined. Aside from this adjustment, the
system’s operational logic remains unchanged, with a distinction made between the initial
hour, Equation (19), and the subsequent time periods, Equation (20).

3.4. Scenario 4: Parallel Management Using an Individual Storage Configuration

Scenario 4 presents a different approach from that adopted in Scenario 3, while main-
taining the parallel configuration. In this case, the concept of a single centralized storage
system for all modules is discarded. Instead, each module is equipped with its own individ-
ual storage unit, the capacity of which is optimized according to its specific needs and the
established energy coverage parameters. The coverage requirements for each module are
defined as follows: Module 1 must achieve more than 75% coverage of its demand through
renewable generation and storage, Module 2 more than 95%, and Module 3 more than 90%.

The spatial distribution remains identical to that of Scenario 3. However, rather than
applying a shared budget across all modules, this configuration employs an individualized
budget of 25,000 € per module. The primary objective of this scenario is to evaluate whether
treating each consumption profile independently, without inter-module interactions, can
yield improved performance by reducing system dependencies. The use of the PAT system
in this scenario is also limited. Since it involves a storage configuration with a larger
number of auxiliary components, it requires significantly more space for installation. In
contrast, the battery system is integrated directly within the container itself, which also
houses the remaining electronic components. As a result, it does not require any additional
installation space.

In the final scenario (Figure 10), a decentralized storage configuration is evaluated to
assess whether assigning one storage unit per module, rather than relying on a centralized
system, can improve overall system performance and better align with the specific demand
profiles of each module. In this setup, storage capacity is treated as an independent variable
and included in the optimization process to determine the actual capacity required for each
module individually. A key characteristic of this configuration is the minimal interaction
between modules. Each storage unit is designed to satisfy the respective module’s demand
constraints autonomously, significantly reducing the need for energy transfer between
modules. As in previous scenarios, the available space remains a critical constraint, heavily
influencing the choice of storage technology.

The pump-as-turbine system, while technically viable, presents substantial spatial
limitations due to the need for auxiliary components, particularly a storage tank, which
occupies considerable space. This makes the PAT system less compatible with the modular
design constraints. In contrast, battery storage offers a more compact and space-efficient
solution. Its smaller dimensions enable integration within the container itself, thereby
preserving space for additional generation units. Given these factors, the battery system
has been selected as the most suitable technology for this scenario. Nonetheless, for the
sake of comparison, the same configuration has also been modeled using the PAT system.

Regarding the internal logic that governs the operation of this strategy, the differences
between Scenario 4 and Scenario 2 are minimal. In both cases, the primary objective
is to use the generated energy to meet the assigned demand as much as possible. Any
surplus energy is then directed to the storage system to provide support during periods
of insufficient generation. The storage system of each module is designed exclusively to
meet its own energy demand and cannot be used to support other modules. Allowing
one module to supply energy to another could jeopardize its ability to cover its future
consumption, potentially leading to system inefficiencies or imbalances, depending on the
way it is configured.
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Figure 10. Flow diagram of parallel module distribution with individual storage systems.

The main distinction lies in the allocation of demand: whereas Scenario 2 concentrated
all three demand profiles in a single module, the current scenario distributes them across
three separate modules. However, the same set of operational equations is applied inde-
pendently to each module. Due to this new configuration and the relatively low energy
demand of some of the selected infrastructures, a significant energy surplus is expected
across all modules. As a result, the subsequent redistribution of this excess energy becomes
a critical aspect of the system’s overall performance. For clarity, Figure 10 presents a flow
diagram illustrating the operational logic of this strategy.

4. Results
Based on the scenario descriptions, the results obtained after applying the optimiza-

tion process are presented, representing the most technically and economically viable
configuration for each case.

4.1. Scenarios 1 and 2

The testing of the hybrid module in its original configuration, conducted as a first
reference iteration for Scenario 1, did not yield entirely positive results. It was not pos-
sible to achieve investment recovery, with parameters such as NPV and IRR showing
negative values for both surplus management strategies. Similarly, the target coverage
of 70% could not be met, reaching only 58.19%. The application of the optimization
process to this configuration resulted in a significant improvement in both energy and
economic performance.
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The expansion of the photovoltaic unit for Scenario 1, identified as the most cost-effective
and space-efficient energy source, from 2 to 38 panels, together with the enlargement of the
storage system to 43.36 m3, enabled renewable sources to achieve a coverage of 60.24%. When
combined with an additional 7% contribution from the storage system, the total coverage
reached 67.24%, corresponding to 944.38 kWh supplied. All of this was accomplished while
remaining within the limits established by the optimization system, with a total cost of the
module below 25,000 € (24,521.54 €) and the utilized area staying within the 100 m2 available
(91.5 m2). With the expansion of the photovoltaic unit, a considerable increase in energy
generation was also achieved, rising from 3340.42 kWh to 17,512.55 kWh.

To enable a direct comparison between the two tested storage systems, the results of
the first two Scenarios are presented jointly. When considering the optimized version in
Scenario 2, which employs batteries as the storage system, the qualitative improvement is
substantial. In this case, total demand coverage reaches 89.90%, leaving only 143.33 kWh
supplied by the grid. The integration of the batteries within the container itself minimizes
the space required for storage, leading to a configuration distinct from that of Scenario 1.
Following optimization, the total number of photovoltaic units increases to 42, while the
wind unit is expanded to six turbines and the hydrokinetic unit to four. This expansion
results in a total surplus of 20,379.02 kWh, representing an additional margin compared
to that observed in Scenario 1, which could potentially provide further financial benefits.
Figure 11 illustrates the energy performance throughout the year for both scenarios, distin-
guishing the contributions of each source to provide a clearer visualization of the impact of
each unit on the overall system performance.

 
(a) 

(b) 

Figure 11. Energy generation and storage performance for Scenario 1 (a) and Scenario 2 (b).

Regarding the economic aspect, the chosen surplus management strategy has been
crucial in achieving positive results and recovering the initial investment. In both scenarios,
selling the surplus to the grid did not allow for investment recovery, as the selling prices
are lower than the purchase prices. By redirecting the excess energy to other infrastructures,
with the 3.0TD tariff assigned, which have higher costs, the investment recovery becomes
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significantly faster and more effective. Under this second energy surplus management
strategy, the results for both scenarios have demonstrated substantial improvements.

For Scenario 1, the NPV over 25 years, discounted at a 7% interest rate, was 2816.93 €,
with an IRR of 8.25% and a payback period of 20 years. Although this option allows for
investment recovery, it remains relatively unattractive to investors due to the long payback
period and the comparatively low NPV. In Scenario 2, the results were more favorable,
owing to higher surplus availability and lower associated costs. Consequently, the NPV
for Scenario 2 increased to 9182.79 €, with an IRR of 10.88% and a payback period of
14 years, demonstrating a significant improvement over Scenario 1 (Figure 12). These
payback periods may be unattractive for private investors under current market conditions,
especially when considering the replacement cycles of battery storage systems. However,
battery prices are dropping considerably and the present study is conducted within the
framework of the HY4RES research project, which includes laboratory testing, prototype
development, and the construction of a NEWLY pilot hybrid module in a port environment,
not a fully “optimized and massive” commercial solution.

(a) 

(b) 

Figure 12. Economic evolution over the 25-year period for Scenario 1 (a) and Scenario 2 (b).

4.2. Scenarios 3 and 4

Similar to the scenarios with a single module, Scenarios 3 and 4 are analyzed jointly
due to their shared parallel structure. It is important to note that these scenarios were
only tested with battery storage, as the comparison between Scenario 1 and Scenario 2,
especially the results shown in Figure 12, demonstrated a significant financial difference,
indicating that feasibility favors the use of batteries.
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Starting with Scenario 3, before discussing the energy performance of this configura-
tion in its optimized form, it is important to consider the number of components installed
per module. Module 1, after optimization, comprised 64 solar panels, 3 wind turbines,
and 2 hydrokinetic turbines. Module 2 maintained its distribution according to the ini-
tial design, and Module 3 included 26 solar panels, 3 wind turbines, and 2 hydrokinetic
turbines. Regarding storage, given the number of generating units, a single 1 kW battery
was sufficient to achieve the desired coverage targets. This configuration entails a final
cost of 48,060 €, remaining below the presented limit of 50,000 €, and occupies a total area
of 195.34 m2.

With the system components defined, the energy performance results are presented.
This system achieved a final coverage of 90.91% of the total system demand, representing a
slight increase of 1.11% compared to Scenario 2. The combined energy surplus from the
three modules totals 42,599.97 kWh, which is 109.01% higher than in Scenario 2. These
results indicate that near-maximum coverage had already been achieved, so adding more
generating units did not further increase demand coverage. In this case, the additional
generation provides different benefits, as it allows a larger amount of energy to be redi-
rected to other infrastructures, serving as the primary economic driver for investment
recovery (Figure 13).

 

Figure 13. Scenario 3 for energy and storage performance.

In Scenario 4, the results differ notably from the previous configurations, as the
reduction in interconnections led to a decline in overall energy efficiency. This scenario
comprises 60 solar panels, 3 wind turbines, and 2 hydrokinetic turbines in Module 1, while
Modules 2 and 3 retained the same number of installed units as in Scenario 3. A key
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distinction in this Scenario is the individualized optimization of storage capacity, which
yielded optimal battery sizes of 0.72 kW, 0.01 kW, and 0.07 kW for Modules 1, 2, and 3,
respectively. Given the very low demand levels in the latter two modules, the corresponding
storage capacities are practically negligible, with values that would be difficult to replicate
in real-world market conditions. Nevertheless, these results were retained as part of the
optimized configuration.

Under this setup, the total demand coverage achieved in Scenario 4 is considerably
lower than that of Scenarios 2 and 3, reaching only 78.48%. Consequently, approximately
302.40 kWh must be imported from the grid to meet the remaining demand. Additionally,
the total energy surplus is 1400.17 kWh lower than in Scenario 3. This reduction stems
from the individualized budget structure adopted in Scenario 4, which allocates 25,000 €
per module rather than a shared budget across all three. As a result, the budget limit for
Module 1 was reached, leading to the installation of fewer solar panels than in Scenario
3 and, ultimately, a lower overall energy surplus. In this final scenario, the generation
profiles were provided individually for each module. These profiles show that solar
generation remains the dominant source, significantly exceeding the contributions from the
other technologies. This outcome aligns with the previously observed trend, as the solar
component was substantially increased, while the outputs from the wind and hydrokinetic
units remained unchanged (Figure 14). The discharge and contribution of the storage
system depend strongly on the demand profile and the assigned battery capacity. In
particular, Module 1 experiences more frequent discharges reaching the minimum capacity
limit compared to Scenario 3, indicating that with higher-demand profiles, the support of
the other generating units is essential to mitigate deep discharges.

(a) 

Figure 14. Cont.
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(b) 

(c) 

Figure 14. Energy and storage profiles for all three modules in Scenario 4: (a) M1; (b) M2; (c) M3.
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Finally, when comparing the financial performance of Scenarios 3 and 4, the results
over the 25-year analysis period are remarkably similar. In terms of NPV, the final values,
discounted at the same 7% rate used in Scenarios 1 and 2, amount to 21,056.74 € in Scenario
3 and 19,918.45 € in Scenario 4. These results highlight the influence of having a larger
and more widely distributed surplus available for redirection to other infrastructures. The
corresponding IRRs are 11.54% for Scenario 3 and 11.42% for Scenario 4, both exhibiting a
payback period of 13 years (Figure 15).

(a) 

(b) 

Figure 15. Economic evolution over the 25 years period for Scenario 3 (a) and Scenario 4 (b).

5. Conclusions
The development of a new Hybrid Operational Strategy (HOPS) model has demon-

strated its effectiveness as a structured decision-support tool for optimizing renewable
energy integration in port environments. By refining generation values and validating
hourly data, the model ensures consistency and reliability in scenario evaluation. The
model interface, designed for accessibility and adaptability, enables comprehensive fea-
sibility studies by processing generation profiles, demand patterns, tariff structures, and
component costs. Its modular architecture supports up to five generation sources, with cur-
rent applications focusing on photovoltaic, wind, and hydrokinetic power, complemented
by pump-as-turbine or battery storage. The operational logic of HOPS, grounded in energy
balance analysis, allows identification of surpluses and deficits, simulation of multiple
configurations, and determination of optimal strategies to ensure economic viability. In
cases where direct feasibility is not achieved, the tool calculates energy multiplier ratios to
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support long-term investment recovery. Migration to Python enhances analytical capabili-
ties, scalability, and integration of advanced storage technologies, positioning HOPS as a
versatile platform for sustainable energy planning.

Some relevant key points can be stated as important conclusions:

(i) Development and validation of the HOPS model

This work presents the development of HOPS (Hybrid Operational Strategy), a mod-
ular and scalable energy-management and optimization model specifically designed for
hybrid renewable systems in port infrastructures. The model successfully integrates photo-
voltaic, wind, and hydrokinetic generation with two storage technologies (battery and PAT),
demonstrating its ability to process real demand profiles, evaluate multiple configurations,
and identify the most viable operational strategy.

(ii) Battery storage emerges as the most feasible option

Across all simulated scenarios, battery storage consistently outperformed PAT systems
in terms of energy coverage, operational flexibility, and economic feasibility. Under the real
demand and generation conditions of the pilot port, the configuration with a single module
and battery storage achieved the best performance, supplying 90% of the annual demand
and yielding positive economic indicators (NPV = 9182.79 €; IRR = 10.88%).

(iii) Scenario analysis confirms the importance of system configuration

The four scenarios tested—single-module and parallel-module configurations—showed
that system architecture significantly affects energy balance and economic outcomes. While
parallel operation increases redundancy and potential coverage, it also increases system cost.
The results highlight the value of HOPS as a decision-support tool capable of comparing
alternative configurations and guiding investment choices.

(iv) Real-world data constraints shape the model’s applicability

The study demonstrates that hourly generation and demand data, as provided by the
port authority, are sufficient for long-term feasibility assessments. HOPS is designed for
steady-state, long-horizon optimization, not for short-term events.

(v) Economic results reflect a research-phase pilot system

The payback periods obtained correspond to a pilot-scale research installation, which
includes conception, laboratory testing, prototype development, micro-scale effects, and
non-massive production. These values should not be interpreted as commercial benchmarks.

When analyzing the results of the different scenarios, it became evident that increasing
generation capacity does not necessarily lead to higher demand coverage, particularly
when using renewable generation systems characterized by intermittency. In Scenario 2,
a coverage level of 90% was achieved, while in Scenario 3, despite surpluses being 109%
higher than in Scenario 2, the coverage only increased by 1.11%. This suggests that, for
small self-consumption installations, grouping demands into a single module may be more
advantageous than operating them in parallel, as it reduces both space requirements and
investment costs. When budget and available space are limited, the use of PAT systems
may not be the most optimal storage solution compared with other storage technologies,
such as batteries. Another main drawback of PAT systems is their lower efficiency relative
to batteries, resulting in reduced coverage and fewer usable surpluses.

Overall, HOPS contributes to advancing efficiency, economic feasibility, and environmen-
tal sustainability in hybrid renewable energy systems for ports. Finally, the main avenues for
future work include (i) integrating different real operational datasets and other case studies,
(ii) expanding the model to incorporate additional technical and socio-economic constraints,
and (iii) performing comprehensive different real-world case applications.
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Nomenclature

Bcharge,0 Energy used to charge the battery in the initial time step (kWh)
Bcharge,t Energy used to charge the battery at a specific time step (kWh)
Bdisch,0 Energy discharged from the battery in the initial time step (kWh)
Bdisch,t Energy discharged from the battery at a specific time step (kWh)
Bmax Battery maximum capacity (kW)
DoD97% Maximum depth of discharge at 97% of the maximum capacity
EHYDRO,t Energy generated by the Hydro system at a specific time step (kWh)
ELOAD,t Energy demand at a specific time step (kWh)
ENET,0 Net energy balance in the initial time step (kWh)
ENET,t Net energy balance at a specific time step (kWh)
ENet(M1),t Net energy balance for module 1 at a specific time step (kWh)
ENet(M2),t Net energy balance for module 2 at a specific time step (kWh)
ENet(M3),t Net energy balance for module 3 at a specific time step (kWh)
EPV,t Energy generated by the PV system at a specific time step (kWh)
Esurplus,t Total combined energy surplus in the parallel management (kWh)
EWIND,t Energy generated by the Wind system at a specific time step (kWh)
H Net head (m)
P Power output of the wind turbine under operational conditions (W)
Pmax Maximum power of the battery that can be discharged in one hour (kW)
Pturb Power output of the wind turbine (W)
SoC50% State of charge of the battery at 50% of the total capacity (kW)
SoC,0 State of charge of the battery in the initial time step (kW)
SoC,t State of charge of the battery at a specific time step (kW)
SoC,t−1 State of charge of the battery in the previous time step (kW)
V Water volume assigned to the PAT system (m3)
V5% Volume of water equivalent to 5% of the total storage capacity (m3)
V50% Volume of water equivalent to 50% of the total storage capacity (m3)
Vdisch,0 Volume of water to be discharged in the initial time step (m3)
Vdisch,t Volume of water to be discharged at a specific time step (m3)
Vfill,0 Volume of water assigned to fill the tank in the initial time step (m3)
Vfill,t Volume of water assigned to fill the tank at a specific time step (m3)
Vmax Maximum storage volume of the tank (m3)
Vneed,0 Volume needs to satisfy the energy deficit in the initial time step (m3)
Vneed,t Volume needs to satisfy the energy deficit at a specific time step (m3)
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Vrem,0 Remaining volume in the tank in the initial time step (m3)
Vrem,t Remaining volume in the tank at a specific time step (m3)
Vrem,t−1 Remaining volume in the tank in the previous time step (m3)
v Wind velocity (m/s)
g Gravitational acceleration (m/s2)
ηPAT PAT system efficiency
ρ Water density (kg/m3)
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