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Abstract

A novel methodology for hybrid energy management in aquaculture is introduced, aimed
at enhancing self-sufficiency and optimizing grid-related cash flows. Wind and solar en-
ergy generation are modeled using calibrated turbine performance curves and PVGIS
data, respectively, with a photovoltaic capacity of 120 kWp. The system also incorporates
a 250 kW small hydroelectric plant and a wood drying kiln that utilizes surplus wind
energy. This study conducts a comparative analysis between HY4RES, a research-oriented
simulation model, and HOMER Pro, a commercially available optimization tool, across
multiple hybrid energy scenarios at two aquaculture sites. For grid-connected configu-
rations at the Primary site (base case, Scenarios 1, 2, and 6), both models demonstrate
strong concordance in terms of energy balance and overall performance. In Scenario 1,
a peak power demand exceeding 1000 kW is observed in both models, attributed to the
biomass kiln load. Scenario 2 reveals a 3.1% improvement in self-sufficiency with the
integration of photovoltaic generation, as reported by HY4RES. In the off-grid Scenario
3, HY4RES supplies an additional 96,634 kWh of annual load compared to HOMER Pro.
However, HOMER Pro indicates a 3.6% higher electricity deficit, primarily due to battery
energy storage system (BESS) losses. Scenario 4 yields comparable generation outputs, with
HY4RES enabling 6% more wood-drying capacity through the inclusion of photovoltaic
energy. Scenario 5, which features a large-scale BESS, highlights a 4.7% unmet demand
in HY4RES, whereas HOMER Pro successfully meets the entire load. In Scenario 6, both
models exhibit similar load profiles; however, HY4RES reports a self-sufficiency rate that
is 1.3% lower than in Scenario 1. At the Secondary site, financial outcomes are closely
aligned. For instance, in the base case, HY4RES projects a cash flow of 54,154 EUR, while
HOMER Pro estimates 55,532 EUR. Scenario 1 presents nearly identical financial results,
and Scenario 2 underscores HOMER Pro’s superior BESS modeling capabilities during
periods of reduced hydroelectric output. In conclusion, HY4RES demonstrates robust
performance across all scenarios. When provided with harmonized input parameters, its
simulation results are consistent with those of HOMER Pro, thereby validating its reliability
for hybrid energy management in aquaculture applications.
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1. Introduction

One of the specific goals of the HY4RES project is to show the potential of hybrid
renewable power systems in decarbonizing the aquaculture sector. Additionally, it will
demonstrate how to effectively and efficiently balance supply and demand in such a
complex hybrid energy system, utilizing variable supply and demand patterns to further
enhance the system’s operation. All of this is to be achieved while optimizing the system
for cost savings and emission reductions [1].

Efficient energy utilization and the reduction in environmental pollution are critical
drivers for the sustainable development of modern aquaculture systems [2]. In this context,
ref. [3] introduced a novel design for hybrid energy systems optimized through multi-
objective techniques, specifically tailored to meet the unique demands of the aquaculture
industry. Oxygen supply plays a vital role in fish growth, health, and stocking density.
To address this, ref. [4] developed an innovative solar-powered oxygen generator that
integrates water electrolysis with fuel cell technology, offering a cleaner and more sustain-
able solution for oxygenation in aquaculture environments. Tackling global challenges
in energy and food production requires integrated, forward-thinking approaches. Refer-
ence [5] proposed a Smart Integrated Aquaponics system that merges solar-hydro hybrid
energy with deep learning-based forecasting, enhancing both the operational efficiency
and scalability of aquaculture and hydroponic farming. By leveraging renewable energy
sources and artificial intelligence, this system reduces environmental impact, mitigates
energy variability, and improves resource optimization [6]. Energy remains a central con-
cern for policymakers, driven by society’s heavy reliance on fossil fuels and the mounting
evidence of climate change. Coupled with the pressures of a growing global population and
food insecurity, innovative land-use strategies such as Agri-PV—where solar photovoltaic
systems are co-deployed with agricultural activities—offer promising solutions [7]. This
concept has been further explored through the deployment of concentrating solar power
technologies in arid regions, demonstrating potential for integration with aquaculture
operations [8]. In terms of operational intelligence, ref. [9] developed a deep learning-based
pattern recognition system to monitor and predict fish behavior, providing intelligent deci-
sion support for aquaculture management. Meanwhile, ref. [10] analyzed advancements
in marine renewable energy technologies, emphasizing the importance of multi-energy
complementarity and the integration of these systems with aquaculture infrastructure.
Their work highlights the engineering innovations necessary to harness marine renewables
effectively within aquaculture settings.

An interesting study analyzed the energy optimization in large-scale recirculating
aquaculture systems, including the implementation and performance analysis of a hybrid
deep learning approach. Economic analysis revealed a 17% decrease in energy costs per
kilogram of fish production. The system’s performance was validated under varying
fish biomass densities (80-120 kg/m?) and seasonal temperature profiles. These find-
ings demonstrate the effectiveness of integrating deep learning techniques for energy
optimization, providing a scalable solution to enhance the economic and environmental
sustainability of intensive aquaculture operations [11]. On the other hand, fisheries and
aquaculture are highly reliant on fossil fuels and must change to renewable energy to
reduce carbon emissions and meet global planetary health goals. Here, the authors assessed
total and renewable energy use in farmed catfish and wild-caught salmon, two of the
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largest seafood sectors in the United States [12]. The seafood industry is marked by high
levels of energy and water consumption, primarily driven by operations such as freezing,
refrigeration, heating, cooling, drying, cleaning, de-icing, defrosting, and salt splashing.
This excessive use of resources leads to uncontrolled wastewater generation, increased
fossil fuel dependency, and elevated greenhouse gas emissions. The interconnectedness
of water and energy usage—known as the energy—water nexus—amplifies environmental
and economic burdens, as significant energy is required for both freshwater extraction
and wastewater treatment. Reference [12] present a review that critically examines the
current patterns of energy and water usage in the seafood sector, highlighting inefficiencies
and environmental impacts. It underscores the urgent need for sustainable development
through resource optimization. Key focus areas include the adoption of advanced man-
agement practices, integration of energy-efficient technologies, water recycling, process
reengineering, and renewable energy solutions. Emphasis is placed on minimizing environ-
mental degradation and improving cost-effectiveness while enhancing sustainability across
the seafood supply chain. Energy and water consumption patterns in seafood processing
industries and their optimization methodologies are presented in [13]. Ref. [14] developed
a study about energy optimization in seafood processing industries. Energy optimization
in the seafood industry essentially involves reducing the amount of energy, be it electrical
energy or conventional energy, from sources like fossil fuels or oil consumed by an industry
during the period between the procurement of raw materials and the delivery of the final
processed product. Energy optimization can substantially contribute to a reduction in
operating costs during the processing of seafood materials. Moreover, the utilization of
large quantities of energy can lead to poor processing efficiency and increased emission
of effluents to the environment, which harms the products’ carbon footprint. The Irish
Seafood agency reports that 15% of global energy is consumed by operations related to
refrigeration and air conditioning in the fish industry, which stresses the importance of
the integration of clean renewables and adoption of smart energy management solutions.
While fish processing industries have high energy costs with continuous refrigeration, air
conditioning, and ice making processes, there is a real need to analyze and model energy
use in fish ports to understand its environmental impacts in terms of CO, emissions while
exploring the potential for integrating renewable energy sources [15]. Ref. [16] developed a
systematic literature review of the most recurring themes concerning smart and sustainable
logistics initiatives within port cities to develop a multidimensional framework capable of
holistically integrating the prevailing enabling factors (Ecosystem, Internal Organization,
Data and Security, Policy and Regulation, Finance and Funding, and Digital and Technol-
ogy), domains (Mobility, Environment, Economy, Telecommunications, Safety and Security,
Government, and Community) and goals (Sustainable Development and Digitalization)
that characterize smart and sustainable logistical development. Therefore, the results of
this research show that smart and sustainable logistics initiatives in port cities (a) have the
potential to enhance the efficiency of economic, environmental, social, and technological
flows; (b) increase the involvement and awareness of stakeholders such as couriers, ship-
pers, shipping companies, citizens, port authorities, municipalities, security officers, gate
and terminal personnel, and so on; (c) provide a detailed overview of the enabling factors,
domains, and goals that must be activated by port cities to foster a smart and sustainable
logistical transition.

A scientific paper reviews how solar PV can be integrated into freshwater fish farms
in Croatia. It emphasizes economic feasibility, reduction in water evaporation, and shad-
ing benefits, while discussing challenges like high capital cost and maintenance [17]. A
novel economic analysis framework is proposed to assess and compare the profitability
of agrivoltaic and aquavoltaic systems. Applied in China, the results show average pay-
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back periods of 6.2-6.6 years for agrivoltaics and 9.5-10.1 years for aquavoltaics. Key
factors influencing profitability include PV capital cost, solar resource richness, and feed-
in tariff. Agrivoltaics and aquavoltaics offer large implementation potential and greater
contributions to sustainable development goals than PV-only systems [18].

A new type of floating photovoltaic system designed for water reservoirs is presented
by [19]. The system, developed by the Universidad Politécnica de Valencia and Celemin
Energy, utilizes polyethylene floating modules connected with tension bars and elastic
fasteners to adapt to varying water levels. A prototype was built and tested on an irrigation
reservoir in Alicante, Spain. The system aims to reduce water evaporation while simulta-
neously generating electricity. In [20], the authors reference floating photovoltaic (FPV)
plants as showing several benefits compared to ground-mounted photovoltaics (PVs) and
potentially having major positive environmental and technical impacts globally.

In this study, a new method for managing hybrid energy in aquaculture is intro-
duced, focusing on improving system self-sufficiency and optimizing grid-related cash
flow from energy purchases and sales. The study uses both HOMER® 3.16.2 Pro (a com-
mercial tool) and HY4RES (a research tool) to evaluate energy scenarios tailored to specific
site characteristics. It compares the two models using aligned data and assumptions.
The models were tailored for hybrid renewable systems in niche sectors, such as aqua-
culture and fish processing, where energy demands are variable and site-specific. The
novelty is associated with a greater flexibility in integrating emerging technologies (e.g.,
equivalent Aqua/Agri-PV, or even tidal energy) that are not always well-supported by
commercial platforms. Open-access and customizable models enable researchers and prac-
titioners in resource-constrained settings to adapt the tool to local conditions and impose
more specific constraints/restrictions rather than using the model as a black box with
predefined variables.

The broader scientific contribution lies in demonstrating how HY4RES can support
context-sensitive energy modeling, especially in industries that are underserved by main-
stream energy planning tools. By validating its performance against HOMER Pro, we
establish a benchmark of reliability, which then allows us to explore new modeling scenar-
ios, alternative optimization strategies, and policy-relevant insights that extend beyond the
capabilities of existing software as follows:

e  Explicitly articulate the novel contributions of HY4RES beyond validation.
e  Highlight case-specific insights gained through its application to fish processing facilities.
e  C(larify the limitations of HOMER Pro in this context and how HY4RES addresses them.

Energy loads for fish processing are based on Island Seafoods data and adjusted for
Albatross Seafoods, while wastewater treatment is included in HY4RES. A wood drying
kiln, powered by surplus wind energy, is modeled differently in each tool—constant in
HYA4RES and static in HOMER® 3.16.2 Pro. It identified two sites that are connected
through a grid distributed point: a Primary site that initially includes combined hourly
loads of Island and Albatross Seafoods using wind generation and five more scenarios
with different combinations of biomass, PV, off-grid using BESS, and grid connection, as
well as a Secondary site using hydropower and a grid connection in which two additional
scenarios were analyzed, which were PV or an off-grid system using BESS.

Hence, this study is structured as follows: Section 1, as previously presented, includes
a recent literature review on the subject of hybrid energy solutions and optimization
models more related to the type of site under analysis. Section 2 presents the materials and
methods used in this research, and a strategic energy operational management program for
aquaculture with all input data and definitions of different scenarios included. Section 3
presents results about the operational behavior and grid balance cash-flows of the program.
Section 4 discussed the results for the Primary site regarding the total electricity load served
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and the balance between wind production, grid integration, biomass, and BESS state-of-
charge analysis. In the Secondary site the hydropower and grid balance are analyzed, as
well as the influence of PV integration. Finally, the limitations of the developed/adapted
models are presented. Lastly, Section 5 presents the main conclusions and comparison of
possible solutions.

2. Materials and Methods
2.1. Methodology

Hybrid renewable energy systems are needed to combine different renewable energy
generation technologies, supplying a single load or a combination of loads. Battery Energy
Storage Systems (BESS) can be part of these systems or not. Also, they can be found as
off-grid or grid-tied systems [21]. As these systems include different technologies and
depend on intermittent sources, their design can be complex.

The HY4RES model was originally designed by Coelho et al. for the water—energy
nexus under the HY4RES project [22-25]. Two models were created, one more sophisticated,
based on Python (version 3.13.7) for multi-objective optimization, and the other in Excel
for single-objective optimization. In this work, the focus lies on the latter; as such, the
Excel model is referred to as the HY4RES model from now on. It is designed to optimize
the contribution of different renewable energy technologies to the energy demand for
water pumped into a reservoir, which is used for irrigation purposes while also acting as
a pumped hydro storage system. Hence, irrigation demand as well as energy demand
from the system must be met. NSGA-II is used as the optimization technique in Excel’s
Solver. The simulation itself has a range of input parameters. Among them are the hourly
water and electricity needs, the hourly grid purchase and feed-in prices, and the hourly
generation data for wind, PV, and one more generation technology of choice. Additionally,
the specifications of each technology are needed, including reservoir data, hydropower
parameters, and the parameters of the BESS. The model is designed to operate either grid-
connected or off-grid with a BESS. Once all the input data are set, the model simulates the
energy balance, considering hourly loads and generation. Excess electricity can be used
to pump water into the reservoir or feed into the grid. At the end, the grid cash flow is
computed, and several graphs with the hourly profiles are depicted as an output. The tool
does not include an in-depth financial analysis; it only takes grid cash flows into account
(Figure 1).
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Figure 1. New methodology for an aquaculture energy management.

The objective is to analyze the operability and performance of this system with two
separate sites with two different energy management tools, HOMER, a commercial model,
and HY4RES, a research model, and to propose new solutions with more renewable sources
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in an optimized way to increase the cash flow and reduce energy dependence. The analyzed
system has restrictions and potentialities that will be explored during this investigation.

2.2. Aquaculture Case Study

The case study observed for this project was located in the north-west of Ireland
in Donegal County [26]. It comprised two aquaculture companies, Island Seafoods and
Albatross Seafoods, each producing different value-added fish and seafood products. The
water from the two processing facilities is treated in a wastewater treatment facility on-site.
On the generation side, a wind turbine and a Small Hydropower (SHP) plant have been
installed. Recently, the companies decided to install a biomass drying kiln next to the wind
turbine to utilize excess electricity that cannot be fed into the grid. For the simulation and
analysis of the system, the site was separated into two, as each is connected separately to
the grid. The two systems are shown in Figure 2. From now on, they are referred to as the
Primary and Secondary sites.

Wind .

Hydropower

5: ora %

‘ treatment plant

Albatross Seafoods

Primary Site Secondary Site

Figure 2. Existent aquaculture case study subdivided into the primary and secondary sites.

Island Seafoods has collected 10 years of electricity generation and consumption data,
which was available for this project. This included consumption data from the wastewater
treatment facility and generation data from the SHP plant. Albatross Seafoods, on the other
hand, does not have its consumption data available.

2.3. Model Adaptation

As this case study does not include water needs, the HY4RES model had to be adapted
and could be simplified. The model’s results are compared later with those from HOMER
Pro. Hence, the adaptation of the HY4RES model was primarily to enable a viable com-
parison between the tools, taking this aquaculture case study into account. As a first step,
the water needs were set to 0, and all the pump variables were as well. This deactivated
the hydropower generation in the reservoir. Furthermore, the computation of the energy
excess/deficit was adjusted to enable grid and BESS operation simultaneously. Several
renewable technologies were integrated in this case study. Therefore, one more alterna-
tive energy generation technology was added to the input sheet and to the simulation
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itself. Hydropower, on the other hand, was inserted with a separate hourly generation

profile, instead of relying on the reservoir. Finally, another page was added to the model to

summarize important performance metrics for the comparison with HOMER Pro’s results.

2.3.1. Input Data

With the overarching goal of comparing the HY4RES model’s results with those from

HOMER Pro, the input data was prepared to resemble the dataset used in HOMER Pro
as closely as possible. The same approach and assumptions were taken. The follow-

ing sections present the parameters and input data for each of the loads and generation

technologies. Additionally, some information on energy storage systems and financial

parameters is given.

(i)

(i)

(iii)

(iv)

Fish processing facilities

For the Primary site, the electricity load data of Island Seafoods for each 15 min of
the year 2023 is available. The data was combined to express the electric load for
each hour of the same year. As there is no recorded consumption data for Albatross
Seafoods, it was assumed that its consumption is 0.9292 of Island Seafoods’ [6]. With
this approach, the combined load at the Primary site could be computed and was
available as an input to the HY4RES model.

Wastewater treatment plant

The same approach as for the fish processing facilities was repeated for the data from
the wastewater treatment plant. For certain timestamps, data was missing, or too
many timestamps were recorded. In this case, the surplus timestamp data was added
to another timestamp where the load was zero, to reach the correct yearly total. In
HOMER Pro, a different approach is chosen. A commercial electricity consumption
profile from the library with 1200 kWh/day and 430.72 kW peak is used.

Wood drying kiln

As a means of utilizing excess energy from the wind turbine that cannot be fed into the
grid due to feed-in restrictions, a wood drying kiln was installed at the Primary site.
The typical primary wood used for drying in Ireland is Sitka spruce with a density of
400—500 kg/m3. It is assumed that 2000 kWh are needed to dry 1 t of Sitka spruce [5].
The installed kiln for the drying of this wood has a rated power of 300 kW. Hence,
1.8 t of wood can be dried per day, considering a 12 h operation of the drying kiln.
This results in 657 t of dried wood per year. To consider the biomass drying kiln in
the simulation, the excess electricity from the base case was assumed to be available
for its operation. Operation for 12 h per day between 08:00 a.m. to 08:00 p.m. with
a constant power of 300 kW was plotted for every hour of the year. In HOMER Pro,
a load of 3600 kWh/day and 516.86 kW peak was chosen to represent the biomass
drying kiln.

Small hydropower plant

On the Secondary site, a small hydropower plant was installed in 2007. It utilizes the
river flow and has the parameters shown in Table 1. Due to an installation error, it
does not operate at rated power but only at 250 kW. It directly supplies the load of the
wastewater treatment facility and feeds excess electricity directly to the grid.

For the SHP, monthly generation data is available from Island Seafoods. To take the
monthly variation into account, each month’s electricity generation was split equally
over the hours of the month. The monthly generation data was then compiled into
one yearly file to serve as an input for the HY4RES model. In HOMER Pro a different
approach was chosen. The SHP was modeled in the program directly with the data
from Table 1 and a design flow rate of 0.522 m3/s to reflect the limited power of
250 kW.
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Table 1. Parameters of the SHP at the secondary site.
Name Value Note
P, 380 kW Only operates at 250 kW
Type Francis Reaction turbine
Hy 61 m Medium head
n 1000 rpm Rated conditions
Q 0.7m3/s Rated flow
ks 80% Turbine efficiency
nElec 95% Electric conversion
(v) Wind turbine

A single Vestas V52-850 wind turbine was commissioned in 2021. It is directly con-
nected to the primary site’s electrical network, supplying the demand of the two
processing facilities and feeding excess electricity into the grid. Due to feed-in limi-
tations, the turbine is only allowed to feed in 120 kW. Approximately 80 kW is used
directly in the two processing facilities, while 180 kW is used for heating purposes.
This situation leaves 300 kW of unused potential. The key parameters of the turbine
are found in Table 2.

Table 2. Parameters of the Vestas V52 850 wind turbine at the primary site.

Name Value Note

P, 850 kW  Maximum operation at 500 kW due to grid injection limitations
Hhub 44 m

halt 60 m above sea level

Lat. 54.673

Long. —8.422

Data merra?2 for 2023

To adjust the hourly generation data of the wind turbine, the power coefficient is

necessary. As it is a function of the wind speed, it has to be computed for each hourly wind

speed. Publicly available data for the Vestas V52 was used, and a polynomial regression

was created as shown in Figure 3. The corresponding equation is shown in Equation (1).

0.6
0.5
o® 0
AR PR PP
©

0.4 o,

2

()

0.3 ®

4 @

a
0.2 R e
e
0.1
a
0
0 2 - 6 8 10 12 14 16 18

wind speed / (m/s)

Figure 3. Vestas V52 850 kW power coefficient. Orange is a polynomial regression of the 6th order.

cp = —7.3-10%u® + 0.000471> — 0.01215u* + 0.16063u” — 1.14862u* + 4.21017u — 5.70269 (1)

The simulation in HOMER Pro disregards the feed-in limit of the Vestas V52 wind

turbine and simulates using the nominal power of 850 kW. The same is performed by



Technologies 2025, 13, 453

9 of 25

HY4RES. HOMER Pro uses an internal wind turbine simulation wherein the turbine model
and wind profile are used. Wind data was loaded from NASA’s POWER database with
30 years of mean hourly wind speeds. The wind turbine power curve in HY4RES was
adjusted to match HOMER Pro’s annual energy output of 2,240,471 kWh for comparative
purposes and thus may not reflect actual operation under the 120 kW feed-in limit. These
were then adjusted to u hub = 6.4 m/s as a yearly average. For the wind generation in
HY4RES, the data from Table 2 was inserted into Renewables. Ninja’s wind simulation
tool received the hourly generation data for the year 2023 [27]. To begin with, the hourly
wind speeds were scaled to achieve u hub = 6.4 m/s, the same value that was used in
HOMER Pro. However, this led to a much lower annual energy generation of 1,683,882 kWh.
Therefore, it was decided to scale the hourly wind speeds for an annual energy generation of
2,240,471 kWh, the same annual generation that resulted from the HOMER Pro simulation.
To achieve this, the cp as a function of the wind speed was plotted with data from [28]. The
plot can be found in Figure 2. With the help of the plot, a polynomial regression of 6th order
was created and hence the power coefficients for any wind speed could be computed. With
Excel’s goal seek function, the annual energy generation was adjusted to the corresponding
value by multiplying the initial wind speeds from Renewables.Ninja with a multiplier of
~0.79744156. This adjusted the annual energy generation to the desired value by adjusting
the hourly wind speeds, approaching, as much as possible, the simulation of HOMER Pro.

(vi) Solar PV
To simulate the PV system, PVGIS 5.3 was used with the input displayed in Table 3
to generate hourly electric energy values. PVGIS was run with a 1 kWp nominal
power; its generation was then scaled to 120 kWp. Due to availability restrictions, the
year 2020 was used for the PVGIS simulation. Both slope and azimuth angle were
optimized automatically by PVGIS.

Table 3. Parameters of the rooftop PV system.

Name Value Note

P, 120 kW (c-Si)

B 42° Slope

0% 0° Azimuth
fderate 14% System losses
halt 46 m above sea level
Lat. 54.673

Long. —8.422

Data PVGIS-SARAH?2 for 2020

(vii) Biomass generator
To utilize only parts of the dried wood in a biomass generator on site, a 25 kW
generator was chosen, thus still leaving dried wood to be sold on the local market. It
is assumed that the 25 kW is constantly available throughout each hour of the year,
amounting to a yearly energy generation through biomass of 219,000 kWh.

(viii) Energy storage
When the scenario to be compared encompasses a BESS, it was decided upon to use
the nominal capacity of the BESS as an input in HY4RES. HOMER Pro uses a more
sophisticated BESS simulation and regards the usable capacity. This is used in any
scenario where a BESS is present. If not stated otherwise, Li-ion BESSs are used.

(ix) Financial parameters
To achieve similar results in terms of cash flows, the electricity feed-in price
and purchase price from HOMER Pro are used. These are 0.195 EUR/kWh and
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0.3808 EUR/kWh, respectively. They remain constant throughout each hour of the
average year.

2.3.2. Model Comparisons: Scenario Definitions

Following the simulations performed in HOMER Pro, the same scenarios were created
in the HY4RES model for comparison. The included technologies and scenarios are listed
in Table 4. Furthermore, the approach for each simulated scenario in HY4RES is explained
in more detail.

Table 4. Technologies included in each scenario of the Primary and Secondary systems.

Scenarios Grid Wind SHP Biomass PV BESS
Primary site
Base Case Yes Yes No No No No
Scenario 1 Yes Yes No Yes No No
Scenario 2 Yes Yes No Yes Yes No
Scenario 3 No Yes No Yes No Yes
Scenario 4 No Yes No Yes Yes Yes
Scenario 5 No Yes No No Yes Yes
Scenario 6 Yes Yes No No Yes No
Secondary site
Base Case Yes No Yes No No No
Scenario 1 Yes No Yes No Yes No
Scenario 2 No No Yes No No Yes

Primary site: In the base scenario, the combined hourly loads of Island Seafoods and
Albatross Sseafoods were inserted into the HY4RES model together with the adjusted
hourly wind generation. It is worth noting that the feed-in limitation is not considered in
any of the HY4RES simulations, as it is not considered in HOMER Pro. The simulation was
run, and results are extracted as graphs and key performance indicators. The base case
of the Primary site does not include the wood drying kiln. This was chosen to align with
HOMER Pro’s simulation.

Regarding the other scenarios, a brief description of their characteristics is listed
as follows:

Primary site: Scenario 1—In terms of the energy surplus available for the biomass
drying kiln, the value from HOMER Pro’s simulation was used for comparison. The hourly
load profile from the base case was used, and the one from the biomass drying kiln was
added. This new profile was then considered in the HY4RES model. Additionally, the
hourly generation profile of the biomass generator was added. Scenario 2—This was
Scenario 1 extended by solar PV generation. Scenario 3—As this scenario was off-grid,
only using a BESS to balance energy deficits or excesses, the sum of hourly deficits after
the operation of the BESS was subtracted from the annual consumption, leaving only the
electricity consumption. According to this value, the reduction in annual consumption of
the wood drying kiln could be deduced, as well as the annual reduction in wood dried. The
22 MWh and 63 MWh BESS capacities were selected based on sensitivity analysis to achieve
acceptable unmet demand levels while maintaining comparability with HOMER Pro’s
scenarios. Scenario 4—The same approach was taken as for Scenario 3, only extending the
generation with solar PV; Scenario 5—This scenario did not include the Biomass Generator
(BG). However, it still had the wood drying kiln as a load. The wood was simply not
consumed on site but sold on the local market. According to [29], the same percentage of
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unmet electricity demand was used as in Scenario 4. Hence, this reduction in electricity
demand translated into less electricity being available for drying the wood, reducing the
amount of wood that could be dried per year and the hourly electricity demand. The
reduced hourly demand was then added to the hourly loads of the fish processing facilities,
and the final vector was the input for the HY4RES tool. To achieve the same percentage
of unmet electricity demand, a BESS with a capacity of 63 MWh was needed. Scenario
6—Returning to a grid-tied system, the standard consumption profile of the wood drying
kiln was regarded again, with 657 t of wood dried each year. As such, no energy deficit
was noted, and a cash flow could be recorded.

Secondary site: In the base scenario, the column of the tertiary generation technology
was filled with the hourly generation data of the small hydropower plant (SHP) and
the hourly load profile of the wastewater treatment facility was inserted in the electrical
consumption column.

In the Secondary site, two scenarios were defined: Scenario 1—the base case was
simply extended by the use of the rooftop solar PV system, and its hourly generation vector
was inserted into the HY4RES inputs. Scenario 2—Instead of the grid-tied system, this
scenario included a 400 kWh BESS. It did not fully meet the electricity demand during the
summer months, when hydropower generation was low.

3. Simulation Results

This section presents the simulation results from the HY4RES tool and compares them
with HOMER Pro. The discussion of the corresponding results can be found in Section 4.

3.1. Operational Behavior

For the Primary and Secondary sites, the results include energy consumption and
generation in Tables 5 and 6, respectively.

Table 5. Electricity consumption.

Primary site—electricity consumption values (HY4RES vs. HOMER Pro)

HOMER Pro

Scenario Category HY4RES (kWh) HY4RES (%) (kWh) HOMER Pro (%)
Base Case Load 1,116,896 43.3 1,116,900 421
Base Case Grid feed-in 1,462,122 56.7 1,538,909 579
Base Case Total 2,579,018 100 2,655,809 100
Scenario 1: Wind,

Biomass & Grid Load 2,430,896 71.1 2,430,900 71.8
Scenario 1 Grid feed-in 990,427 28.9 955,298 28.2
Scenario 1 Total 3,421,323 100 3,386,198 100
Scenario 2: Wind,

Biomass, PV & Load 2,430,896 70.5 2,430,900 70.9
Grid

Scenario 2 Grid feed-in 1,017,555 29.5 996,161 29.1
Scenario 2 Total 3,448,450 100 3,427,061 100
Scenario 3: Wind, - | 4 2,178,677 100 2,082,043 100

Biomass & BESS
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Table 5. Cont.
Scenario 4: Wind,
Biomass, PV & Load 2,240,062 100 2,150,772 100
BESS
Scenario 5: Wind,
PV & BESS Load 2,134,946 100 2,083,531 100
Scenario 6: Wind,
PV & Grid Load 2,430,896 72.8 2,430,900 73
Scenario 6 Grid feed-in 905,970 27.2 897,604 27
Scenario 6 Total 3,336,866 100 3,328,504 100
Secondary site—electricity consumption values (HY4RES vs. HOMER Pro)
Scenario Category HY4RES (KWh)  HY4RES (%) EI(VOVI\}/II;ER Pro HOMER Pro (%)
Base Case Load 438,000 41.3 438,000 48.6
Base Case Grid feed-in 623,071 58.7 462,325 514
Base Case Total 1,061,071 100 900,325 100
Scenario 1:
Hydropower, PV Load 438,000 39 438,000 454
& Grid
Scenario 1 Grid feed-in 684,858 61 526,993 54.6
Scenario 1 Total 1,122,858 100 964,993 100
Scenario 2:
Hydropower, PV Load 328,824 100 387,829 100
& BESS
Table 6. Electricity generation.
Primary site—electricity generation values (HY4RES vs. HOMER Pro)
Scenario Source HY4RES (kWh)  HY4RES (%) KI(VOVI\S)ER Pro HOMER Pro (%)
Base Case Wind 2,240,471 86.9 2,240,471 80.9
Base Case From grid 338,547 13.1 527,361 19.1
Base Case Total 2,579,018 100 2,767,833 100
Scenario 1: Wind, .
Biomass & Grid Wind 2,240,471 65.5 2,240,471 64.4
Scenario 1 Biomass 219,000 6.4 219,000 6.4
Scenario 1 From grid 961,323 28.1 1,038,751 29.7
Scenario 1 Total 3,421,323 100 3,498,222 100
Scenario 2: Wind,
Biomass, PV & Wind 2,240,471 65 2,240,471 63.2
Grid
Scenario 2 Biomass 219,000 6.4 219,000 6.3
Scenario 2 PV 104,606 3 107,164 3
Scenario 2 From grid 884,374 25.6 980,500 27.6
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Table 6. Cont.

Scenario 2 Total 3,448,450 100 3,547,135 100
ifglrf;‘s’ Z’; g\ggg' Wind 2,240,471 91.1 2,240,471 91.1
Scenario 3 Biomass 219,000 8.9 218,974 8.9
Scenario 3 Total 2,459,471 100 2,459,445 100
Scenario 4: Wind,

Biomass, PV &  Wind 2,240,471 87.4 2,240,471 87.3
BESS

Scenario 4 Biomass 219,000 8.5 218,950 8.5
Scenario 4 PV 104,606 4.1 107,164 4.2
Scenario 4 Total 2,564,077 100 2,566,585 100
?,;EIEEESSS Wind, - yid 2,240,471 95.5 2,240,471 87.3
Scenario 5 PV 104,606 45 107,164 47
Scenario 5 Total 2,345,077 100 2,347,635 100
Is,ijerzrci(;g Wind,  d 2,240,471 67.1 2,240,471 65
Scenario 6 PV 104,606 3.1 107,164 3.1
Scenario 6 From grid 991,789 29.7 1,100,421 31.9
Scenario 6 Total 3,336,866 100 3,448,057 100

Secondary site—electricity generation values (HY4RES vs. HOMER Pro)

HOMER Pro

Scenario Source HY4RES (kWh) HYA4RES (%) (kWh) HOMER Pro (%)
Base Case SHP 884,225 83.3 809,410 89.9
Base Case From grid 176,850 16.7 90,915 10.1
Base Case Total 1,061,075 100 900,325 100
Scenario 1:

Hydropower, PV SHP 884,225 78.7 809,410 83.4
& Grid

Scenario 1 PV 104,606 9.3 107,164 11
Scenario 1 From grid 134,031 119 54,110 5.6
Scenario 1 Total 1,122,862 100 970,684 100
Scenario 2:

Hydropower, PV SHP 884,225 89.4 809,410 88.3
& BESS

Scenario 2 PV 104,606 10.6 107,164 11.7
Scenario 2 Total 988,831 100 916,574 100

3.2. Grid Balance Cash Flow

For the Primary site, the comparison of cash flows from grid feed-in and grid purchas-
ing based on the comparison of models’ performance between HY4RES and HOMER Pro
results (Table 7) is presented for the respective scenarios with grid connection.
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Table 7. Primary site: grid cash flows from feed-in and purchase.
HY4RES HOMER Pro
Base Case
Revenue (EUR) 285,114 300,097
Expenses (EUR) 128,919 200,819
Cash flow (EUR) 156,195 99,278
Scenario 1: Wind, Biomass and Grid
Revenue (EUR) 193,133 186,283
Expenses (EUR) 366,273 395,556
Cash flow (EUR) —173,140 —209,273
Scenario 2: Wind, Biomass, PV and Grid
Revenue (EUR) 198,423 194,251
Expenses (EUR) 336,769 373,374
Cash flow (EUR) —138,346 —179,123
Scenario 6: Wind, PV and Grid
Revenue (EUR) 176,664 175,033
Expenses (EUR) 377,673 419,040
Cash flow (EUR) —201,009 —244,007

HY4RES modeling displays the revenue, expense, and cash-flow figures under the
HYA4RES column, generated using the custom-built simulation tool of the same name. This
tool models hybrid renewable energy systems tailored to aquaculture operations, incorpo-
rating site-specific parameters, load profiles, and renewable resource data. Benchmarking
with HOMER Pro was used to validate the model, in which the same input parameters and
configurations were run through HOMER Pro. This allows for a direct comparison of how
each tool handles system optimization, cost allocation, and energy dispatch.

The comparison of results between HY4RES and HOMER Pro across the base case and
three scenarios with grid connection shows a good agreement between them. This can be
demonstrated by the close values in revenue, expenses, and cash flow, especially consider-
ing that these are two different modeling tools that use slightly different assumptions and
computational methods. Here is a breakdown: (i) Base case—Revenue: 285,114 EUR
(HY4RES) vs. 300,097 EUR (HOMER) — 5% difference; Expenses: 128,919 EUR vs.
200,819 EUR — Larger variation, possibly due to differing CAPEX/OPEX estimation
approaches; Cash flow: 156,195 EUR vs. 99,278 EUR — Reflects the expense difference.
Despite the variation in expenses, both models identify a positive cash flow, suggesting
profitability and general alignment in outcome direction. (ii) Scenario 1: Wind, Biomass and
Grid—Revenue: 193,133 EUR vs. 186,283 EUR — ~3.5% difference; Expenses: 366,273 EUR
vs. 395,556 EUR — ~8% difference; Cash flow: —173,140 EUR vs. —209,273 EUR —
Both models agree on the unprofitability of this scenario and display strong agreement
on revenue and qualitative cash flow outcome. (iii) Scenario 2: Wind, Biomass, PV and
Grid- Revenue: 198,423 EUR vs. 194,251 EUR — ~2.1% difference; Expenses: 336,769 EUR
vs. 373,374 EUR — ~9.8% difference; Cash flow: —138,346 EUR vs. —179,123 EUR —
Both show losses. Very close to revenue estimates and matching trend in expenses and
losses. (iv) Scenario 6: Wind, PV and Grid—Revenue: 176,664 EUR vs. 175,033 EUR —
~0.9% difference; Expenses: 377,673 EUR vs. 419,040 EUR — ~11% difference; Cash flow:
—201,009 EUR vs. —244,007 EUR — Consistent with the trend. Highest alignment in
revenue; both models identify the scenario as financially unfavorable.

While some expense estimates vary—likely due to internal model differences—the
revenue figures are consistently close, and both tools yield the same directional insights
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regarding profitability or loss. This suggests good agreement and reliability between
HY4RES and HOMER Pro for comparative energy system modeling.
The same type of analysis was developed for the Secondary site (Table 8).

Table 8. Secondary site: Comparing the grid cash flows from feed-in and purchasing.

HY4RES HOMER Pro
Base Case
Revenue (EUR) 121,499 90,153
Expenses (EUR) 67,344 34,620
Cash flow (EUR) 54,154 55,532
Scenario 1: Hydropower, PV and Grid
Revenue (EUR) 133,547 102,764
Expenses (EUR) 51,039 20,605
Cash flow (EUR) 82,508 82,159

Based on Table 8, the comparison between HY4RES and HOMER Pro for the Secondary
site shows a good level of agreement in their results across both the base case and Scenario
1 (Hydropower, PV and Grid). Despite being different modeling platforms, the results—
particularly for cash flow—are remarkably close, indicating consistency in the financial
outcomes they predict. In the base case, HY4RES reports a revenue of 121,499 EUR, while
HOMER Pro estimates 90,153 EUR. Though there is a moderate difference in revenue and
expenses—likely due to model-specific assumptions and some geographical input data—
the resulting cash flows are nearly identical, with HY4RES at 54,154 EUR and HOMER Pro
at 55,532 EUR. This suggests that both models agree on the overall financial viability of the
base case. In Scenario 1, both models again show close alignment. HY4RES calculates a
revenue of 133,547 EUR, and HOMER Pro reports 102,764 EUR. Expenses differ, but the cash-
flow values are almost the same: 82,508 EUR from HY4RES and 82,159 EUR from HOMER
Pro. The small difference in cash flow (less than 1%) highlights the strong agreement
between the models regarding the economic performance of this energy configuration.
Overall, this comparison demonstrates that HY4RES and HOMER Pro produce consistent
and comparable financial outcomes, especially in terms of cash flow. This reflects a good
agreement between the models and supports their reliability for techno-economic analysis
in hybrid energy systems.

4. Discussion
4.1. Primary Site

In the base scenario, wood drying was not considered, and the focus was solely on
electricity generation and grid sales. The variability of the electric loads throughout the
analyzed year becomes evident in Figure 4a, where the load fluctuates and reaches its
peak at slightly above 700 kW. This aligns with the 720 kW from HOMER Pro, which
was approximately the highest load, supplied by the wind turbine. As the same hourly
consumption data was used for HOMER Pro and the HY4RES tool, the yearly energy
consumption was almost the same for both simulation tools. On the generation side, the
yearly total energy generated by the wind turbine was the same for both models. The
HOMER Pro simulation resulted in a more homogeneous output power throughout the
year, showing the typical dip in summer but remaining stable. The HY4RES simulation,
on the other hand, showed a strong decrease in generation during May. This deviation in
wind power output profile can be explained by the underlying wind speeds used for the
simulation. However, the HY4RES model’s wind simulation aligns better with the hourly
load profile, leading to a reduction in grid injection but also a reduction in grid purchases.
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The higher degree of energy excess is emphasized in Figure 4b. As seen, the energy
produced throughout an average year meets the energy needs. Therefore, excess energy can
be used to transfer energy for the biomass wood-drying process. Figure 4b demonstrates
that the electricity that can be sold to the grid throughout the year is significantly higher
than the electricity consumed.

I Vestas V52-850 Power Output
Bl Totsl Blectrical Lood Served

kw

kw

Figure 4. Total electrical load served (a); grid balance (b).

In Scenario 1 (Wind+Biomass+Grid) the additional load of the wood drying kiln be-
came evident. It increased the maximum power demand to close to and slightly above
1000 kWh. The results showed a strong alignment between the two models. The implemen-
tation of the BG and the additional load of the wood drying kiln was an interesting solution
to absorb the excess energy production when the limitation of the grid was evident. As
a consequence of this load, the energy balance was much more balanced in terms of grid
injection/supply, as can be seen in Figure 5.

Due to the misalignment of the kiln with the excess electricity, the self-sufficiency of
the system decreased, even though it should have increased if correctly managed. This was
the case both for HOMER Pro and HY4RES. The difference between both models was only
3.2%. The BG had a limited effect on the results, as the generation profile was constant with
25 kW each hour of the year for both models.

In Scenario 2 (Wind+Biomass+PV+Grid) on the load side, both simulations resulted
in similar values. The annual electricity generation of the solar PV system was lower by
2558 kWh in HY4RES compared to HOMER Pro. The hourly generation profile followed
the typical trend of a peak in the summer months and lower production during winter.
Thanks to the PVGIS system, the self-sufficiency of the system could be increased by 3.1%
in HY4RES compared to the previous scenario (Figure 6).
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Figure 5. Scenario 1: Monthly electric production (a); load, wind, and biomass energy (b).
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Figure 6. Renewable energy sources and their output values (a); the met electricity load (b).

In Scenario 3 (Wind, Biomass, and BESS) HY4RES presented a sum of the hourly
loads that could still be supplied over the year as 96,634 kWh higher compared to the sum
in HOMER Pro. HY4RES used a simplified BESS model, which disregarded losses and
simply used the nominal capacity instead of the useful capacity, which was considered
in HOMER Pro. This was confirmed by the electricity deficit, which was 3.6% higher in
HOMER Pro than in HY4RES. As a result, the biomass drying kiln could be operated at
a higher capacity in the HY4RES model, leading to an additional 48 tons of dried wood
per year. The dip in wind turbine generation in May directly affected the SOC of the BESS
during that same period. Figure 7 shows that there was not enough excess electricity to
recharge the BESS during this period. On the generation side, the annual values aligned
very well for both models.

The system utilized 1 MWh lithium-ion batteries, requiring a total of 22 units. As a
result, 85.6% of the electricity demand was met, while 14% (348,857 kWh) remained unmet.
Due to this energy deficit, the wood-drying capacity needed to be reduced from 657 tons
per year to 483 tons per year.

In Scenario 4 (Wind, Biomass, BESS and PV)—as with the previous scenario, the
annual generation aligned very well between both models. However, the addition of the
rooftop PV system increased the wood-drying capacity by 6% in the HY4RES model. The
state of BESS charge and the load served are shown in Figure 8.
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Figure 7. Load served and BESS state-of-charge for Scenario 3.
120 1200

IAC Primary Load Served
[l Generic TMWh Li-lon State of Charge
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Figure 8. Load served and SOC of BESS for Scenario 4.

In Scenario 5 (Wind, PV, and BESS), with the same wood-drying capacity, which
resulted from the previous scenario, HY4RES was not able to meet all of the hourly demand.
HOMER Pro did succeed in this, while the former still had an additional 4.7% of electricity
demand unmet. The generation side was well aligned. On the topic of storage, the SOC
in Figure 9 of the 63 MWh BESS was a lot less volatile compared to the smaller one. In
HOMER Pro, this scenario was regarded as the worst one in terms of cost and technical
feasibility. With the size of the BESS in mind, this can only be underlined.

In Scenario 6 (Wind, PV and Grid), in terms of loads, there was an alignment between
both models. The rate of self-sufficiency differed by 4.5% between the models. In the
HY4RES model, it was 1.3% lower compared to Scenario 1, which includes BG instead of
the PV system. Figure 10 shows the total electrical load served in this scenario.
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Figure 10. Total load electricity served in Scenario 6.

4.2. Secondary Site

The base case (SHP+ Grid) reached a self-sufficiency of 59.6% and 79.2% in HY4RES
and HOMER Pro, respectively. According to the provided data, the hydropower plant
should have a nominal capacity of 350 kW; however, due to installation faults, it operates
at approximately 250 kW. The technical implications of operating at both full capacity and
250 kW were examined. Previous production data was analyzed every month, and an
average flow profile was input into the Homer Pro software (Figure 11). The head value
was set at 61 m, with a maximum flow rate of 700 L/s. To operate at 250 kW, the design
flow rate needed to be approximately 522 L /s, while for full capacity (350 kW), the design
flow rate was calculated to be around 732 L/s. The energy generated could be supplied to
the wastewater treatment facility, and any excess energy could be sold to the grid.

Scenario 1 (SHP+PV+Grid) at the Secondary site reached a self-sufficiency of 69.4%
and 87.6% in HY4RES and HOMER Pro, respectively. Adding PV to the base system was
highly beneficial. With the integration of PV, electricity consumption from the grid was
significantly reduced (Figure 12). A 120 kW PV installation on the rooftop was considered.
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Figure 11. Hydropower and grid balance at Secondary site.
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Figure 12. The influence of PV installation (a); total renewable power output and electrical load

served (b), in Scenario 1.

In Scenario 2 (SHP+PV+BESS) the HOMER Pro resulted in 11.5% of the original load
of the waste water treatment plant being unmet (Figure 13). In HY4RES, 24.9% of the
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adjusted annual load (approximately 105,000 kWh out of 422,000 kWh) remained unmet,
compared to 11.5% (approximately 48,600 kWh) in HOMER Pro. In the case of the BESS, a
usable capacity of the BESS of 320 kWh was used. The BESS was charged with 25,055 kWh
and 13,123 kWh per year in HY4RES and HOMER Pro, respectively.
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Figure 13. PV power output, SHP, and SOC of BESS in Scenario 2.

Due to the fixed hourly load of the wastewater treatment facility in HY4RES, there was
a resulting additional 13.4% of electricity demand remaining unmet compared to HOMER
Pro. This is also evident when comparing the values from Scenario 1 and Scenario 2 in
Table 8. Additionally, the simplified simulation of the BESS used in HY4RES resulted
in 48% more electricity being supplied by battery. Figure 10 shows the operation of the
BESS throughout the year. The SOC was stable at 100% during several periods of the
year, which could indicate a possible oversizing of the BESS. Likewise, there were a few
periods when the renewables’ generation was not sufficient to supply the loads or charge
the battery; these were the periods when a deficit occured. Integrating FPV in aquaculture
environments introduces hydrodynamic challenges related to mooring system design and
response under varying water levels and dynamic loads [30,31].

4.3. Limitations of the Models

Both models, HOMER Pro and HY4RES, have their limitations. In terms of the HY4RES
model, the cash-flow computation as used leads to a very limited significance of the result,
as it only includes the cash low with the grid and completely disregards any investment
cash flows or other operational cash flows. Additionally, HY4RES assumes a simplified
BESS model with 100% round-trip efficiency and 100% Depth of Discharge (DoD), ignoring
charge/discharge losses and usable capacity constraints. In contrast, HOMER Pro likely
incorporates realistic efficiencies (e.g., 90-95% round-trip) and DoD limits (e.g., 80%),
leading to a 3.6% higher electricity deficit in Scenarios 3-5. HOMER Pro’s simulation is
held back by a simplified hydropower generation profile, which does not differentiate
between different hourly power outputs but only between months, keeping the monthly
hourly power output constant for each month. Using already-available load profiles from
the HOMER Pro library can lead to deviations from reality, but they are a better estimate
than assuming constant load profiles.
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Secondly, there are limitations induced by the input data used for the HOMER Pro
simulation. After reviewing the parameters of the wastewater treatment facility, it becomes
evident that the HOMER Pro load profile used has a daily electricity consumption that
is 4.68 times higher than the actual daily consumption metered on site. Hence, the input
data for both simulations does not reflect complete real conditions. However, using a
constant hourly load in HY4RES also induces error that can be substantial compared to the
real load profile. The load of the biomass drying kiln, which should be flexible and only
operate when excess electricity is available, was considered constant for several hours of
the day. Using the annual excess electricity from the Primary Site: base case, a basis for the
constant hourly load calculation was assumed. This had the effect of increasing the energy
deficit and, as such, also the expenses from purchasing electricity from the grid. This only
allows comparisons between scenarios that include the biomass drying kiln, not with the
base case or other scenarios. Hence, the results cannot be taken as absolute values. After
some further investigation, it became clear that the vector that was supposed to represent
Island Seafoods’ hourly loads is the amount of excess electricity from the wind turbine
being sold to the grid under a variable price PPA. The downscaling of the wind turbine
generation data to the average annual hourly wind speed was performed according to
a value that was estimated by an engineering consultancy before the installation of the
turbine and hence comes with uncertainty about its applicability. Additionally, HOMER
Pro disregarded the grid injection limit, which led to a reduced grid cash flow in both
models. In HOMER Pro, the cost of equipment that had already been bought and installed
several years ago, the sunk costs, were included in the financial calculation. This renders
the results of the financial calculation useless in terms of the real financial benefits; it only
allows for a comparison between scenarios.

5. Conclusions

This study evaluates hybrid renewable energy systems for aquaculture using two
modeling tools: HOMER Pro and HY4RES. It simulates hourly energy balances based on
real load profiles and renewable generation data. The goal is to assess system operability,
performance, and financial viability across two distinct sites. HY4RES introduces a tailored
methodology for aquaculture energy optimization, focusing on self-sufficiency and grid
cash flow. Island Seafoods and Albatross Seafoods provide scaled load data for fish
processing facilities. A wastewater treatment plant was included, with HOMER using a
generic profile and HY4RES applying site-specific adjustments. A wood drying kiln was
modeled differently in each tool to test flexibility in load management. The secondary
site includes a 250 kW hydro plant and a wind turbine, with generation adjusted via
regression in HY4RES. PV generation was based on 2020 PVGIS data, scaled to 120 kWp for
consistency. The comparison reveals operational and economic insights for decarbonizing
aquaculture energy systems. Then, this study analyzes the base case plus six additional
scenarios for the primary site, and two more for the secondary site:

e Base Case (Primary Site): Includes the combined hourly loads of Island and Albatross
Seafoods with wind generation. No wood drying kiln or feed-in limits are considered.

e  Scenario 1: Adds biomass drying kiln and a 25 kW biomass generator to the base load.

e  Scenario 2: Extends Scenario 1 with 120 kWp solar PV.

e  Scenario 3 (Off-grid): Uses only wind, biomass, and a 22 MWh BESS. Load reductions
are based on unmet demand; less wood is dried.

e  Scenario 4: Scenario 3 + solar PV; similar energy balance, unmet demand remains.

e  Scenario 5: Biomass generator removed; kiln still operates. Due to unmet demand,
drying is reduced. A larger 63 MWh BESS is needed to maintain the same deficit level.
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e  Scenario 6: Returns to grid-tied; full kiln operation resumes, 657 t of wood dried/year,
and cash flow is recorded.

e Base Case (Secondary Site): It uses the hourly generation data from the small hy-
dropower plant (SHP) as the tertiary generation input, and the hourly load profile of
the wastewater treatment facility is entered as the site’s electrical consumption.

e  Scenario 1 (Grid-tied): Adds rooftop solar PV, and its hourly generation is included in
the simulation.

e  Scenario 2 (Off-grid): Replaces the grid connection with a 400 kWh BESS. The system
does not fully meet demand in summer due to low hydro generation.

In summary, for the Primary site and base case, both HY4RES and HOMER Pro show
the same annual energy output from the wind turbine, with HOMER Pro providing a more
stable output profile over the year. In Scenario 1 (Wind + Biomass + Grid), both models
show a power demand peak slightly above 1000 kWh due to the added wood drying kiln
load. This addition helps balance grid interaction and aligns well across models. In Scenario
2 (Wind + Biomass + PV + Grid), PV generation differs slightly, with HY4RES producing
2558 kWh less than HOMER Pro, but achieving a 3.1% increase in system self-sufficiency.
In Scenario 3 (Wind + Biomass + BESS), HY4RES supplies 96,634 kWh more annual load
than HOMER Pro, mainly due to its simplified BESS modeling without accounting for
system losses. Consequently, HOMER Pro shows a 3.6% higher electricity deficit. Scenario
4 (Wind + Biomass + BESS + PV) shows close alignment in annual generation, while
HY4RES increases wood-drying capacity by 6% with the PV addition. In Scenario 5
(Wind + PV + BESS), HOMER Pro fully meets the hourly load, while HY4RES has a 4.7%
unmet demand despite similar generation. Finally, in Scenario 6 (Wind + PV + Grid),
both models show similar load profiles, but the self-sufficiency rate differs by 4.5%, with
HY4RES showing a 1.3% drop compared to Scenario 1.

For the Secondary site, HY4RES reports 121,499 EUR in revenue and 54,154 EUR
in cash flow, while HOMER Pro shows 90,153 EUR in revenue and 55,532 EUR in cash
flow. In Scenario 1 (Hydropower, PV and Grid), revenues are 133,547 EUR (HY4RES) and
102,764 EUR (HOMER Pro), with nearly identical cash flows of 82,508 EUR and 82,159 EUR,
respectively. The minimal cash-flow differences (less than 1%) confirm strong consistency
in financial outcomes between the models.

Taking into account the comparisons for all scenarios, a general pattern becomes clear
for the optimization tools: (i) For those scenarios that are grid-connected where the same
input data in terms of electricity supply and demand is used, both models deliver very
similar results. This is confirmed by the results of the Primary site: base case, Scenarios
1,2, and 6. (ii) When the simulation includes a BESS, the more detailed approach used in
HOMER Pro delivers more accurate results. This becomes evident in the consumption data
of the Primary site: Scenarios 3, 4, and 5 or in the Secondary site: Scenario 2.

However, the remaining differences between the simulation results of the two opti-
mization models mainly originate from deviations in the input data. If the same input
data were used, then the results would align even better, but the data depends on the
sources used by each model tool. Finally, this comparison between the HY4RES model and
HOMER Pro can be concluded to be a success, and the former’s simulation capabilities
are confirmed. HY4RES is well-suited for rapid analysis of grid-connected aquaculture
systems due to its simplicity, while HOMER Pro’s detailed BESS modeling is preferable for
off-grid scenarios requiring precise loss calculations and storage optimization.
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