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Abstract

A techno-economic-environmental assessment tool was tailored to a fish sector case study.
The fish sector, combined with two renewable components (wind and hydro), was analysed,
and sensitivity analyses were carried out to integrate other renewables in a specifically
developed optimization model (i.e., HY4RES-AHS). The model used an evolutionary
method and resulted in the following conclusions: Scenario 2 excels financially, with the
highest IRR (42%), shortest payback (4 years), and lowest investment (EUR 14,500), though
it suffers from high energy losses (27.4%) due to a limited grid feed-in (120 kW). Scenario
4 is the most sustainable, with the highest SSR (97.8%) and SCR (63.4%) and lowest grid
emissions (12.83 t CO; eq.), supported by 600 kW PV and strong biomass use, but it has
the lowest NPV (EUR 2241) and longest payback (25 years). Scenario 3 offers the best
overall balance, achieving the highest NPV (EUR 741,293), solid IRR (20%), low energy
losses (2.8%), and strong SSR (94%). Scenarios 5 and 7 prohibit grid feed-in, resulting in the
highest energy losses (46.7% and 48.4%) and poor sustainability. Scenario 6 is financially
strong (NPV EUR 602,280) but lacks biomass and biogas, reducing system resilience and
autonomy. In summary, Scenario 2 is cost-efficient, Scenario 4 leads to sustainability, and
Scenario 3 exhibits balanced performance.

Keywords: fish sector; aquaculture; optimisation tool; hybrid energy; system effectiveness

1. Introduction

The increasing penetration of distributed energy resources has raised concerns re-
garding grid congestion [1]. Declining asset profitability has led grid operators to restrict
or delay new connections [2]. Hybrid renewable energy systems (HRESs) are a potential
solution [3]. Their integration of complementary renewable technologies and proximity
to local demand centres enhance system self-sufficiency and reduce grid dependence [4].
Photovoltaic (PV) systems, battery energy storage systems (BESSs), and wind turbines are
the most commonly investigated technologies [5]. Alternatives such as biomass gasifiers [6],
internal combustion engine (ICE) units [7], small hydropower systems (SHPs) [8], and
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hydrogen electrolysers remain comparatively underexplored [9]. This gap highlights the
need for further research into diversified configurations of HRES to improve both technical
performance and economic viability [10].

The hybridization potential of rural areas, as well as water systems, is a strong tool that
managers should analyse to implement, thereby reducing the carbon footprint of societal
consumption [11]. The most promising system scenario includes wind turbines and solar
PV systems, utilizing water reservoirs for irrigation as a pumped hydropower storage
plant [12]. The optimum configuration for electrifying five villages to be disconnected
from the grid was evaluated in Odisha (India) using renewable energy systems with high-
interest-rate values [13]. Different optimization techniques for ports” hybrid renewable
energy systems were developed, and energy management strategies based on Al-driven
forecasting were proposed [14]. Ref. [15] compared different hybrid systems and capacities
to evaluate their availability, analysing 243 case studies with investment costs between
EUR 45 k and EUR 2.1 M and net present values between EUR 18 k and EUR 600 k.
Other optimization procedures were defined as particle swarm optimization (PSO) [16],
colony optimization (ACO) [17], sine cosine algorithm [18], bacterial forging algorithm [19],
grasshopper optimization algorithm [20], imperialist competitive algorithm [21], modified
sine cosine algorithm [22], slap swarm algorithm [23], genetic algorithm [24], sooty terns
optimization algorithm [25], or artificial gorilla troops optimizer [26], among others.

Hybrid renewable energy systems (HRESs) are complex due to the integration of mul-
tiple renewable technologies, loads, and storage, making optimization a central research
topic [27]. For simple economic optimization, classical techniques such as linear program-
ming (LP) or generalized reduced gradient (GRG) are used [28]. When problems involve
multiple objectives and many decision variables, advanced methods like evolutionary strate-
gies or genetic algorithms (GA) are applied [29]. Commercial tools such as HOMER Pro
facilitate simulations with user-friendly interfaces, but they are limited in handling flexible
loads [30]. HOMER Pro often relies on black-box approaches and only supports single-
objective optimization [31]. To overcome these issues, customized models are increasingly
developed using Python 3.12 or Solver [32]. Such models allow greater flexibility in address-
ing the diverse objectives of HRES optimization [33]. Nonetheless, results should always be
compared against established tools like HOMER Pro to ensure reliability [34].

Optimal sizing of HRES components is frequently the central focus of research. Never-
theless, most studies address systems designed from scratch, without considering existing
infrastructures [34]. For instance, ref. [35] compared the Giza Pyramid Construction (GPC)
technique with particle swarm optimization (PSO) in an HRES composed of PV, wind,
and BESS. Their findings indicate that GPC enhances the global optimum, achieving a
reduction of EUR 165 in annual costs and an 8% decrease in simulation time. Aligned with
this topic, ref. [36] combined a genetic algorithm with PSO to optimize a PV-wind-BESS
HRES, obtaining an annual system cost of EUR 276,200 and a levelized cost of electricity
(LCOE) of 0.0065 EUR/kWHh. To fully exploit the potential of HRES, future research should
prioritize their integration with existing infrastructures, as well as with commercial or
community loads [37].

The fish sector has potential for the application of hybrid renewable power systems
in its decarbonization, considering a carbon footprint equal to 179 million tonnes of CO;-
equivvalent [38]. The integration of renewable systems is essential to mitigate their impact
on the global energy chain, requiring an effective balance between supply and demand
within complex hybrid energy systems. Leveraging variable supply and demand patterns
can enhance overall system performance and operational efficiency [39]. These objectives
are pursued by optimizing the system to maximize cost savings and minimize emis-
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sions [40]. The integrated configuration includes a small hydropower plant, a wind turbine,
a wastewater treatment unit, a wood-drying kiln, and two fish processing facilities [41].
This research develops a tailored model, HY4RES-AHS, for the aquaculture sector,
applying evolutionary algorithms in Excel’s Solver to optimally size an extended H4YRES
system. By integrating existing wind and hydropower assets with PV systems, a biomass
gasifier, an ICE unit, and BESS, the study identifies optimal technology combinations and
capacities. A techno-economic assessment and sensitivity analysis of key parameters are
performed, and the best scenarios for the site are compared. This approach demonstrates a
practical and improved strategy for hybrid energy integration in aquaculture systems.

2. Materials and Methods
2.1. Fish Sector Case Study

The case study observed for this research is located in the northwest of Ireland in
County Donegal [10]. It comprises 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 plant (WWTP)
on-site. On the generation side, a wind turbine and an SHP are installed. Recently, it was
decided to install a biomass drying kiln next to the wind turbine to utilize excess electricity
that cannot be fed into the grid due to a power limitation for grid injection. Currently, the
primary and secondary sites are separate systems, each connected individually to the power
grid, due to regulatory restrictions. This is depicted in Figure 1 (yellow line connections). To
analyse the viability of extending the system with other renewable energy technologies and
storage, the system is considered as a single unit for this research development (Figure 1,
showing yellow and orange connections in an optimised way).

Hydro

Wood drying kiln

o /
-
o~

o
o~ Waste water treatment
plant

W "r'] NS

-
<
Fish processing

Figure 1. Aquaculture case study with the complex source/demand interconnections (includes

yellow and orange lines).

Island Seafoods has collected 10 years of electricity generation and consumption data,
which is available for this research project. This includes consumption data of the WWTP
and generation data for the SHP plant.

2.2. Proposal of Developed Optimization Tool HY4RES-AHS

Taking into account the findings from previous analyses, local site interactions, and the
limitations identified, a new simulation framework (HY4RES—Aquaculture Hybrid System
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(AHS)) was developed to address existing gaps and enhance the accuracy of the case study
investigation. The objective of the tool is to enable a comprehensive techno-economic
assessment of hybrid renewable energy systems while allowing detailed system expansion
analysis and optimization through the integration of additional renewable technologies.
The optimization objective was the maximization of the self-sufficiency ratio (SSR). The
following paragraphs describe the input data considered, the structure of the technical and
financial models, and the optimization techniques applied.

2.2.1. Input Data

Hourly load profiles of Island Seafoods and Albatross Seafoods for 2023 were obtained
from their energy management system (EMS), the only year with available data. The WWTP
load profile was not available due to inconsistent metering; therefore, its demand was
estimated from a one-week monitoring campaign in winter 2023, yielding an average hourly
consumption of 10.68 kWh and a peak load of 26 kW. A representative daily profile was
derived from these values (Table 1) and extrapolated for the entire year. Finally, a combined
hourly load profile of the three facilities was constructed and implemented in the model.

Table 1. Load profile for the WWTP, according to the metered peak demand and hourly average load.

Hour Pmp Hour Pmp
1 4 13 22
2 4 14 26
3 4 15 22
4 4 16 16
5 6 17 14
6 8 18 11
7 10 19 9
8 11 20 8
9 12 21 6

10 14 22 4
11 16 23 4
12 18 24 4

Raw roadside wood with a moisture content of 45-60% [42] is purchased from the
local market. The wood-drying kiln reduces the moisture content of Sitka spruce chips to
20% [43], resulting in a lower heating value (LHV), LHV,,,4, equal to 3811 kWh/t [44]. The
installed kiln has a rated power, P, x;;,,, equal to 300 kW, and for simplification, its operation
is assumed to range between 200 kW and 300 kW. Consequently, during any hour of the
year, when excess renewable electricity above 200 kW is available, a corresponding amount
of wood can be dried. The kiln’s operation is mathematically represented in Equation (1):

if Pyina + Psup + Ppy — Pioaa, fixed > 200 kW — Pyt = Pying + Psup + Ppv — Ploadfixed
if Pying + Psgp + Ppy — Piogq, fixed > 300 kW — Pyyp,, = 300 kW (1)
else Py, = 0 kW

where each power P corresponds to a specific hour of the year in kW.
The dried wood output of the drying kiln is computed according to Equation (2):

Nwood, dried = m

where Py, corresponds to the power of the drying kiln at the hour observed.
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An additional vector is defined, 7,004 drieq, Which sums all previous hours of the year
to the current one. If desired, an initial amount of wood 1,4 dried 10, left in storage from
the previous year, can be added to this cumulative vector. It is assumed that 7,4 gried 10
= 0. Surplus production of dried wood is sold at the market price, which is considered in
the cost and financial evaluation. The wood purchase and selling prices are adjusted with
respect to the reduction in the moisture content. Hence, the wood cash-fow can directly be
computed with the amount of dried wood not used in the BG.

2.2.2. Small Hydropower Plant

Generation data from the fixed PPA contract are available in 15 min time steps for the
year 2023. As the total generation is not known and only the percentage of self-consumption
of the SHP is available, this data is used as the total generation before feed-in. The 15 min
data is consolidated into hourly values.

2.2.3. Wind Turbine

The parameters from Table 2 are inserted into Renewables.Ninja’s wind simulation
tool to obtain the hourly generation data for the same year under analysis [45]. No scaling
of the generation output is carried out at this point.

Table 2. Parameters of the Vestas V52850 wind turbine at the primary site.

Name Value Note

Maximum operation at 500 kW due to

B 850 kW current grid injection limitations
b 44 m
R 60 m Above sea level
Latitude 54.673°
Longitude —8.422°
Data merra2 For 2023

2.2.4. Photovoltaic (PV) Systems

To simulate the PV system, PVGIS 5.3 [46] is used with the input displayed in Table 3.
PVGIS is run with 1 kW, nominal power. Its generation is then scaled in the model by
multiplying Ppy, which is set by the optimization technique, with the hourly generation
vector from PVGIS. The approximation developed in [14] is used to limit the PV system to
the roof of the seafood processing facilities, which can host up to 120 kW of installed power.

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
R 46 m Above sea level
Data merra2 For 2023
Latitude 54.673° System losses
Longitude —8.422°

Data merra2 For 2023
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2.2.5. Biomass Generator

To utilize the dried wood available on site, the integration of a biomass gasifier (BG)
is proposed. The optimization objective is to determine the appropriate rated power of
the BG to support the renewable system as a continuous base load throughout the year.
A gas-fired internal combustion engine (ICE) generator is selected due to its efficient
conversion pathway and flexible sizing options, ranging from a few kilowatts to several
hundred kilowatts. In the first stage, wood chips are gasified in a downdraft gasifier, and
the resulting syngas is subsequently cleaned, cooled, and combusted in a gas engine [47].

A total wood-to-electricity conversion efficiency of g = 25% is assumed, in accor-
dance with the simulation results reported in [48]. In terms of operation, renewable sources
are given dispatch priority, while the BG is only activated when the load cannot be fully met
by the wind turbine and small hydropower (SHP) generation, as defined in Equation (3).
The BG’s wood consumption is constrained to the biomass dried on site, with no external
purchase of wood chips considered. To maximize efficiency, the BG is assumed to operate
exclusively at its rated power and is configured to only supply the fixed loads, excluding
the flexible demand of the wood-drying kiln.

Pying + Pstp + Ppv < Pload, fixed Mwood dried.cum = Mwood,BG (©)

Muood,BG is the amount of wood needed to operate the BG at the defined power. It is
computed according to Equation (4):

Ppc
= 4
Myood,BG neG LHVwood ( )

2.2.6. Battery Energy Storage System

A lithium-ion battery system is assumed as a battery energy storage system (BESS).
The input parameters for the BESS are found in Table 4. The energy-to-power ratio (EPR)
of the BESS is equal to a storage duration of 4 h [49]. Additionally, state-of-charge (SOC)
limits are set to prevent deep discharge of the battery, with an initial charge defined at the
first timestep of the simulation. The optimization technique sizes the BESS in terms of its
capacity Cppss in kWh.

Table 4. Parameters of the BESS.

Name Value Note
EPR 4 kWh/kW Equals 4 h storage duration
S0Cy 0.25 Cggss Slope
HNen/ dis 0.95 Same efficiency for charging and discharging is assumed
SOC,in 0.1 Cggss System losses

The charge/discharge power (Ppgss) of the battery is computed by expression (5). This
is used to limit the amount of energy being charged and discharged at each hour and is
also used to compute the CAPEX and OPEX of the BESS:

C
Pggss = EBIE;S )

The charge and discharge are found in Figure 2. It was carried out accordingly for
each hour of the year. The resulting charge and discharge powers are considered from the
system’s point of view: the power available to charge the battery and the power obtained
from discharging it.
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(a) BESS charge modeling. (b) BESS discharge modeling.

Figure 2. Flowcharts of the BESS’s charge and discharge modelling in HY4RES-AHS.

Hence, the power values do not represent the actual energy that is stored in the battery.
nch/dis is only considered for the computation of the battery SOC. The latter is computed
using Equation (6):

P,
SOC! = SOC! ™! + P!, 14 — —4i5 (6)
Tch
where SOC!~! is the SOC of the previous timestep. The SOC is generally given in kWh.
Thanks to charge and discharge modelling, it never exceeds battery capacity Cpgss, nor
does it reach a value below SOC,,;,.
Once the annual electricity charged and discharged is known, the number of full

charge/discharge cycles can be computed according to Equation (7).

MNBESS—cycles

MBESS = — 4o ()

The corresponding number of years is computed by dividing the number of lifetime
cycles from Table 5 by the actual number of cycles per year. The lifetime of the battery is



Water 2025, 17, 3242

8 of 28

then evaluated according to the shorter lifetime: either the one derived from the cycles or
the calendar life from Table 5:

_ E Ea,ch + Z Edis
NBESS—cycles = W

(®)

The system is grid-connected, as depicted in Figure 1. However, due to grid capacity
restrictions, this research assumed that the feed-in limitation can be overcome for the
combined site and primary site in the near future to give more flexibility to the entire
system. The SHP has an hourly feed-in tariff according to a fixed value. For electricity
purchase prices, the facility has fixed night and day tariffs. Between 11:00 p.m. and
07:00 a.m., it is at 0.1477 EUR/kWh, while it remains at 0.2393 EUR/kWh for the rest of the
day. These tariffs are obtained from the EMS of the site. For the primary site, the feed-in
tariff is equal to the electricity purchase price and has the same hourly variation through
the day. This variable feed-in tariff is also applied to the combined site.

Table 5. Cost parameters, financial parameters, and emission coefficients.

Data Variable Name Value Source
Lifetime
System lifetime n 25 years [49]
BG lifetime npG 25 years [50]
PV modules lifetime npy 25 years [51]
PV converter lifetime npy_c 15 years [52]
BESS calendar life NcBESS 15 years [50]
BESS cycle life NBESS 5475 cycles [50]
Financial Data
General inflation rate g 3% [49]
Corporate tax rate TR 12.5% [53]
Discount rate r 6% [54]
PV converter inflation rate grv —5% [55]
BESS inflation rate SPVirss —5.7% [50]
Capital Cost
BG capital cost IBG 6000 EUR/kW [14]
BG market value at end of life MVBG 0.1-IBG [56]
PV capital cost IPV 1500 EUR/kW [57]
PV market value at end of life MVPV 0 [57]
PV converter capital cost IPV-c 150 EUR/KW [35]
PV converter market value at 15 years MVPV-c 0 [57]
BESS capital cost power IBESS 2749.83 EUR/kKkW [50]
BESS market value at 15 years MBESS 0 [50]
Fixed O&M Cost
BG fixed O&M costs O&M, BG 0.12 EUR/kg [58]
PV fixed O&M costs O&M, PV 28.91 EUR/kW [49]
BESS fixed O&M costs O&M, BESS 0 EUR/KW [59]
Variable O&M Cost
BG variable O&M costs (PBG < 100 kW) O&M, BG 0.18 EUR/kWh [59]
BG variable O&M costs (PBG > 100 kW) O&M, BG 0.12 EUR/kWh [59]
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Table 5. Cont.

Data Variable Name Value Source
Subsidies
PV investment grant (PPV < 20 kW) spv 300 EUR/kW [53]
PV investment grant (PPV < 200 kW) spv 200 EUR/KW [60]
PV investment grant (PPV < 1000 kW) spo 100 EUR/kW [60]
Roadside
Roadside wood pulp price praw, wood 40 EUR/t [57]
Dried wood chips pdried, wood 120 EUR/t [57]
Grid financial data
SHP fixed PPA price pSHP, PPA 0.0946 EUR/kWh [50]
Carbon tax and Emission
Carbon tax on biomass conversion pCarbon-tax 0 EUR/tCOzeq [28,29]
Emissions from biomass conversion mCOzeq., BG 69 gCOzeq/kWh [61]
Emissions from grid electricity mCOseq. Grid 187 gCOzeq/kWh [62]

2.2.7. Financial and Emission Parameters

All input parameters for the financial calculations are found in Table 5. The system
lifetime is set to 25 years in the financial analysis according to similar studies [49]. Adhering
to Irish tax rules, any renewable energy technology is depreciated linearly over 8 years,
regardless of its lifetime [53].

2.3. Proposal Simulation for Technical and Financial Parameters

In this section, the methodology implemented in HY4RES-AHS for simulating energy
flows and their corresponding financial assessment is described. The combined site was
selected as the reference case, as it integrates all technologies considered in both the primary
and secondary sites (Figure 1). An overview of the technical structure of the programming
tool’s model is presented in Figure 3. At the initial stage, the hourly load profiles, along
with the generation profiles of the wind turbine and the small hydropower plant (SHP), are
introduced into the model. Subsequently, the required input parameters are inserted. The
installed capacities of the photovoltaic (PV) and biogas (BG) systems, as well as the battery
energy storage system (BESS), are either predefined or optimized through Solver. Based on
the PV capacity defined, the hourly generation profile is calculated.

The total generation is then compared with the fixed-load profile. When an excess is
identified and is sufficiently large to operate the wood-drying kiln, its load is deducted from
the balance for the corresponding hour, and the amount of dried wood is subsequently
determined. The operation of the BG unit is validated, and its generation is incorpo-
rated into the balance. In Figure 3, the dashed hexagons represent the decision variables
for optimization.

Afterwards, the BESS operation is applied: Any remaining deficit is covered by
electricity purchased from the grid, whereas any surplus exceeding the BESS charging
capacity is exported at the hourly feed-in tariff. When this surpasses 120 kW, the value is
inserted into the grid, and the remaining surplus can be technically absorbed by the power
electronic converters of the wind turbine and PV system.

Once the hourly simulations are completed, annual performance indicators are calcu-
lated. Among them, the system’s self-sufficiency ratio (SSR) is emphasized as an indicator
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of the degree of grid independence achieved by the hybrid energy system. The SSR is
determined according to the following expression:

Ea,loads + Ea,kiln - Ea,fromgrid

SSR = )

Ea,loads + Ea,kiln

where E; denotes the annual electricity generated or consumed in kWh.

/  BESS
'\ installed

\, capacity ,

Discharge BESS BESS
P
BESS modelling parameters
Energy deficit /
(:vy\ be N Buy e!mnmy\l
_______ " BESS? —
Blomass - ICE Charge
parameters \ BESS
_____ IfPw+Ph+PBG+
+P_PV <demand \
p {
Biomass - ICE 73 ’ ‘
\ :;t"r'.l( on
profile (P_BG) IfPw+Ph+PBG+ [ [W;r.,mm /;' ener ;’\l
an charge P
+P_PV>demand BESS? (‘mmwy
P weP heP PV<demand
m_wood BG<m wood dried 2
PP wePhePBGeP PV
— Cart
— B IfPw+Ph+ Pw+P_h+PPV-
. — ssions
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drying kiln) J

[ 41—
P wWePheP PV
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Energy

balance
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—w\ife;ii;;

-

PV generation
profie
(Mg}

Figure 3. Flowchart of the technical simulation of the entire system.

Additionally, the self-consumption ratio (SCR) of the system, indicating the amount of
renewable generation directly consumed on site, is computed according to Equation (10).
Eggen corresponds to the sum of the renewable energy generated on site during the

whole year:

SCR = Ea,louds + Eu,kiln (10)

E,, gen

An overview of the cash-flow simulation is given in Figure 4. Dashed hexagons
represent the decision variables for optimization. Initially, based on the current situation,
the system without the BG, PV, or BESS was considered. Hence, any differences in cash
flows that occur due to the integration of new technologies are taken into account.
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Investment cash flows (ICFs) are calculated for each of the 25 years according to
Equation (11). The residual value (RV) of the asset after its lifetime is considered exclusively
in the final year of the project or of the asset’s operational life. The initial investment is
accounted for in the first year, while reinvestments are included whenever an asset reaches
the end of its lifetime before the project is completed:

ICF = —Ipy + RVpy — Ipv cono + RVpv cono — Ipc + RVBG — Ipess + RVess (1)
and RV is computed according to Equation (12):
RV = MV — (MV — BV)TR (12)

where MV stands for the market value of the asset at the end of the project’s lifetime, and
BV stands for the book value of the same asset in the last year of the project or at the end
of life of an asset. As the company profits from the higher market value, it has to pay
corporate tax TR on the difference.

In the next step, the operating cash flows (OCFs) are calculated. With the resulting
dried wood and electricity purchased from the grid and fed into the grid, the wood and grid
cash flows are computed. The cash flow from wood drying and selling can be calculated
according to Equation (13). In contrast, the grid cash flow is computed according to
Equation (14). This is carried out once for the baseline and then for the optimized system,
and the difference is then accounted for in the revenue calculation:

CPwood = ((mwood,dried - mwood,BG)'pdried,wood) — Myood,dried Praw,wood (13)

CF grid = Eexcess'pgrid,sell - Edeﬁcit'pgrid,buy (14)

Next, the cash-flow changes regarding electricity sales and wood sales are computed
for the first year. In order to take inflation into account, the annual cash-flow results
from the technical simulation are compounded with the inflation rate with respect to the
corresponding year of the project according to

ARevenue = AElectricity sales + AWoodsales (15)

This calculates the change in revenue for the implementation of the BG, PV, and
BESS. The same approach is taken for electricity purchased from the grid. The costs for
purchasing wood are neglected, as the amount of wood dried does not change due to the
implementation of the BG; only the amount sold changes. According to the optimal sizing
of the PV, BESS, and BG, the fixed and variable O&M costs are computed for the first year.
Afterwards, they are combined with the annual inflation rate with respect to the remaining
years of the project’s lifetime. This leads to a change in the cash flows of expenses according
to Equation (16):

AExpenses = AElecricity purchased + Cogm,BG + co&M,BG + Co&M,BESs + Co&M,BESS + Cogm,pv + Cogem,pv  (16)

The OCF can be computed according to Equation (17), in which depreciations are
calculated according to IRIS rule, where any renewable energy technology is depreciated
linearly over 8 years regardless of its lifetime [26]:

OCF = (EBITDA — Depreciations) (1 — TR) + Depreciations (17)
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Here, EBITDA is defined as
EBITDA = ARevenue — AExpenses (18)
Finally, the free cash flows (FCFs) can be computed via the following expression:
FCF = ICF + OCF (19)

When the present day with discount rate (r) is discounted, the discounted cash flows
(DCFs) can be evaluated. The sum of these cash flows gives the NPV, according to Equa-
tion (20), where f is the corresponding year. It is a fitting metric for assessing the viability
of a project, as it discounts cash flows over the lifetime of the project with respect to the
current date and enables evaluations on monetary terms in the present.

25 25
FCF
NPV =) Lt — Y _DFC (20)
=0 (1+7) =

Additionally, the profitability index can be calculated according to

_ NPV

PI
I

(21)

Other metrics are also computed, such as the payback period (PP), the LCOE, and the
modified internal rate of return (MIRR). The MIRR is chosen instead of the internal rate of
return (IRR), as it is more accurate for projects where reinvestments occur. It is computed
according to the following expression:

«| FVCF+

MIRR = FVCE

(22)

where FVCF™ is the future value of all positive cash-flows, FVCF~ is the present value of
all negative cash-flows, and # is the year.
The LCOE value is calculated separately for each generation technology and derived

from Equation (23):
%50 Co&M+Cog;M+I
i = (1+4r)
LCOE = 7 E, (23)
=0 (145)!

In this formulation, the total costs incurred over the project’s lifetime are divided by
the total energy generated by the corresponding technology over its lifetime, with both
quantities discounted to their present values.

The computation of the PP is slightly more complex. It is defined as the period until
the accumulated DCF turns positive, given in years. The corresponding mathematical
description is given by Equation (24):

if Y0 DCF >0, t = min

DCF,_;

P 24
PP:t():DCF>O)—I—‘DCFp 29
t=0

For year p, the sum of DCF turns positive; p — 1 is the previous year to the year p.
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Figure 4. Flowchart of the financial simulation for the entire system.

2.4. Proposal of Optimization and Sensitive Analysis

The main objective of the proposed optimization can be to maximize the net present
value (NPV) or the self-sufficiency ratio. The implementation of the optimization model in
Excel through Solver restricts the available algorithms to a limited set. Specifically, simplex
linear programming (SLP) is suitable for linear and continuous problems; however, it cannot
be applied in this case due to the non-linear nature of the optimization problem. For non-linear
cases, two alternatives are available: the evolutionary method, which relies on metaheuristics
and can be applied to non-smooth and non-linear problems, and the generalized reduced
gradient (GRG) algorithm, designed for non-linear but smooth problems. The GRG method
exploits the derivatives of the objective function and iteratively adjusts input parameters by
analysing the slope of the function. While effective, this approach is prone to converging
to local optima, potentially neglecting the global optimum. To overcome this limitation, the
multi-start option is incorporated, which initializes the algorithm from multiple starting points
across the search space, enhancing the likelihood of identifying the global maximum.

Given that the NPV or SSR fitness function is non-linear but smooth, both the evolu-
tionary method and GRG with multi-start are suitable approaches. Table 6 summarizes the
optimization setup, including input parameters, the objective function, and the decision
variables. The upper boundary of 120 kWp for the PV system is determined by the phys-
ical constraint of available rooftop space, while the limits for the battery energy storage
system (BESS) and the backup generator (BG) are defined by the validity range of the input
parameters rather than site-specific restrictions.
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Table 6. Fitness function, decision variables, and optimization parameter for the evolutionary method
and multi-start GRG.

Definition of Programming Setup

Objective Function maxNPV, maxSSR
Decision variables Ppy, Cppss&Ppg
Constraints on Ppy 0 < Ppy > 120kW; Ppy = int
Constraints on Pgg 0 < Pgg > 500kW; Ppg = int

Constraints on Cpgss 0 < Cggss < 1000 kWh; Cggss = int

Setup
Value Evolutionary GRG
Convergence 0.001 0.001
Mutation ratio 0.075
Population size 100 100
Random seed 5 5
Time limit without improvement 30s
Require bound on variables Yes Yes
Derivatives Forward
Multi-Start Yes

Self-sufficiency ratio (SSR) maximization enables the evaluation of a configuration that
achieves the highest degree of energy autonomy. The optimization procedure follows the same
structure as the one described for NPV maximization. Figure 5 illustrates the workflow of the
NPV optimization process, where the dashed-line hexagons denote the decision variables.

Start with seed
4 o R

. ~ . ~ , ~
. N . ~ s ~

Py B . N N
/7 Biomas - ICE '\ - BESS installed ./ PVinstalled
N i » < N > N B
installed . < capacity . . power .

N .

N power 2 N .
N . . - N ,

Evolution on [ J
input
parameters

~
7
NPV

Yes

Optimal size of
PV, BESS and
BG

Figure 5. Flowchart of the optimization procedure.

After the optimization found the optimal size of the BG, PV, and BESS, a sensitivity
analysis was conducted on the most uncertain parameters. The same approach undertaken
in [49] is chosen, where each parameter is changed, and a change in NPV and PP is observed.
The main input parameters on which the sensitivity analysis is conducted are essentially
the discount rate, each of the technology’s investment costs, the electricity feed-in price,
the electricity purchase price, and the biomass gasifier ICE unit’s conversion efficiency.

3. Results of the Case Study
3.1. Input Data

The definition of several parameters is necessary for the simulations, such as those
presented in Table 7. This table lists all variables corresponding to what is called scenario 1,
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illustrating the complexity of the simulation tool and hybrid energy platform developed

for renewable energy optimization, which can be applied in different sectors.

Table 7. Input data values considered.

System Parameters

Fixed Generation

General Financial Indicators

Parameter Value Parameter Value
Puydro / (KW) 380 Interest rate 0.0566
Puying / (KW) 850 Inflation 0.03
Biomass drying kiln Corporate tax rate 0.125
Parameter Value Discount rate 0.06
Prated / (KW) 10 PV DC-DC converter inflation rate —0.05
Pyin / (KW) 5 BESS inflation rate —0.057
Epc/(kWh/twood) 2000
Wood Capital costs
Parameter Value Parameter Value
Type Sitka spruce Wind Turbine/(EUR/unit) 500,000.00
Mooty / (£) 0 SHP/(EUR/ unit) 100,000.00
LHV/(kWh/t) 3811 BG/(EUR/kW) 3000.00
Moisture content 0.2 PV/(EUR/kW) 1000.00
- - PV converter/(EUR/kWp) 150
- - BESS power capacity /(EUR/kW) 1000.00
Biomass gasifier ICE Fixed O and M costs
Parameter Value Parameter Value
Efficiency_wood-elec 0.25 Wind Turbine/(EUR/year) 25,782.00
Grid parameters SHP/(EUR/year) 30,000.00
Parameter Value BG fraction of installed capacity 0.12
Preed—intimiy / (kW) 500 PV/(EUR/kW) 2891
BESS/(EUR/kW) 25
BESS Emissions data
Parameter Value Parameter Value
Initial SOC/(SOC/C) 0.25 BG emissions/ (g CO; eq./kWh) 69
Charge efficiency 0.95 Grid emissions/(g CO; eq./kWh) 187
Discharge efficiency 0.95 Carbon tax/(EUR/t CO; eq.) -
SOCin /(SOC/C) 0.1 Carbon tax growth rate 0.03
Energy to Power ratio 4
Financial indicators Variable O&M costs
Parameter Value Parameter Value
Wood chip purchase price/(EUR/t) 40 BG <100 kW/(EUR/kWh) 0.15
Wood chip selling price/(EUR/t) 120 BG > 100 kW /(EUR/kWh) 0.1
System lifetime/(years) 25 Market value
BG lifetime/ (years) 25 Parameter Value
Depreciation duration/(years) 8 BG after life-time/%-CAPEX 0.1
Wind turbine lifetime/ (years) 20 conlxj?:/rtseyrs)t/e(l;illg%;tW) 0
Wind turbine res lifetime/ (years) 8 PV converter/(EUR/kW) 0
SHP lifetime/ (years) 50 BESS/(EUR/kWHh) 0
PV modules lifetime/ (years) 25 Grid tariffs
PV DC-DC converter lifetime/(years) 15 Parameter Value
BESS calendar life/(years) 15 Fixed feed-in tariff/(EUR) 0.0946
BESS cycle life/(cycles) 5475 Fixed purchase price/(EUR) 0.3808
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The system integrates multiple renewable energy sources, including hydropower
with a capacity of 380 kW, wind power at 850 kW, and a biomass gasifier producing
2000 kWh per ton of wood. The biomass used is Sitka spruce, with a lower heating value of
3811 kWh/t and a moisture content of 20%. The biomass-to-electricity conversion efficiency
is 25%. Financially, the system operates under an interest rate of 5.66%, a discount rate
of 6%, and an inflation rate of 3%. Corporate tax is set at 12.5%, while inflation rates
for PV converters and BESS are negative at —5% and —5.7%, respectively. Capital costs
include EUR 500,000 per wind turbine, EUR 100,000 per SHP unit, EUR 3000/kW for
biomass gasifiers, EUR 1000/kW for PV systems, EUR 150/kWp for PV converters, and
EUR 1000/kW for BESS power capacities. Fixed operation and maintenance costs are
EUR 25,782 /year for wind turbines, EUR 30,000/year for SHP, EUR 28.91/kW for PV,
and EUR 25/kW for the BESS. The grid allows a feed-in limit of 500 kW, with biomass
gasifiers representing 12% of installed capacity. Battery energy storage systems (BESSs)
start with a state of charge (SOC) of 25%, operate with 95% charge/discharge efficiency, and
maintain a minimum SOC of 10%. Their energy-to-power ratio is 4. Emission data show
that biomass gasifiers emit 69 g CO,/kWh, while grid electricity emits 187 g CO,/kWh.
Carbon tax is not defined, but its growth rate is set at 3%. Variable operating costs in-
clude EUR 40/t for wood chip purchases and EUR 120/t for sales. Biomass gasifiers
under 100 kW incur EUR 0.15/kWh in O&M costs, while those over 100 kW cost EUR
0.10/kWh. The system and biomass gasifier lifetimes are 25 years, with wind turbines
lasting 20 years and SHP up to 50 years. PV modules and converters last 25 and 15 years,
respectively, while a BESS has a calendar life of 15 years and a cycle life of 5475 cycles.
Depreciation is calculated over 8 years, and the residual value of biomass gasifiers after
their lifetime is 10% of CAPEX. Market values for PV systems, converters, and BESSs are set
to zero. Grid tariffs include a fixed feed-in rate of EUR 0.0946 and a fixed purchase price of
EUR 0.3808.

3.2. Decision Variables

The energy system’s configuration is defined by a set of key decision variables that
shape its performance and capacity. The installed biomass gasifier’s power (P_BG) is set at
20 kW, contributing to the renewable generation mix. The system’s battery energy storage
capacity (C) is 1000 kWh, with an initial state of charge (SOC) of 25 kWh, ensuring readiness
for load balancing and energy dispatch.

Solar energy plays a significant role, with a photovoltaic (PV) system capacity (Ppy) of
150 kW, providing clean electricity during daylight hours. To support energy storage and
grid flexibility, the battery power capacity (Pggss) is configured at 12 kW, enabling efficient
charge and discharge cycles.

3.3. Technical Summary

The energy system demonstrates a strong reliance on renewable sources (Figure 6),
with wind energy contributing the largest share at 3,262,431 kWh, representing 73.1%
of total generation (Table 8). Solar and hydropower follow with 884,225 kWh (19.8%)
and 884,225 kWh (6.1%), respectively, while biomass plays a minimal role at 3999 kWh
(0.1%). Overall, renewable sources account for 95.5% of the total generation, amounting to
4,459,694 kWh.
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Figure 6. Evolution of discretized hourly results in scenario 1. (a) Wind turbine; (b) SHP; (c) biogas
ICE unit; (d) PV system; (e) fixed loads; (f) flexible loads; (g) grid feed-in; (h) BESS SOC; (i) cumulative

wood dried.
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Table 8. Main results of scenario 1.
Generation Self-Sufficiency and Self-Consumption
Source E,/kWh [E;/Et] Metric Value
Wind 3,323,431 [73.4%] Self-sufficiency (SSR) 93.0% (2,335,896 kWh)
Solar 130,757 [2.9%] Self-consumption (SCR) 53.70%
Hydropower 884,225 [19.5%] Wood
Primary 4 01[0.0%] Metric Value
Biomass 31,020 [0.7%] m, (dried)/t eq. 35.73
Total generation 4,369,434 [96.5%] m, (used)/t eq. 32.56 (91%)
From grid 161,012 [3.6%] Carbon emissions
Eiot 4,530,446 Metric Value
Ejoss (grid limit)/kWh 89,288 [2.0%] Mg gria /t CO, eq. 35.56
Loss (grid limit)/EUR 18,276 Mg,erid/t COZ €q. 32.89
Consumption m, g1/t CO; eq. 0.99
Source E_a/kWh SUM 33.87
Load 2,440,296 (54.8%) Utilization factor of generation
Drying kiln 71,461 (1.6%) Source h_a/h
Grid feed-in 1,943,697 (43.6%) Wind 3910
Total 4,455,455 Hydro 2327
Storage PV 872
Type E,/kWh BG 716
BESS charge 15,836.48
BESS discharge 13,366.18
n_cycles 15
Lifetime (cycles)/years 375

The system also imports 151,012 kWh from the grid, covering 3.2% of the energy
demand. The contribution of each RES is shown in Figure 7a. Electricity consumption
is dominated by the system’s load, totaling 4,681,866 kWh. No energy is allocated to
the drying kiln, while 151,012 kWh is fed back into the grid. The battery energy storage
system (BESS) supports grid flexibility with 13,986.48 kWh of both charge and discharge,
operating over a cycle life of 5475 cycles and a calendar life of 15 years. The system achieves
a high self-sufficiency rate of 96.8%, indicating minimal dependence on external energy
sources. Its self-consumption rate stands at 50.7%, reflecting the efficient use of locally
generated energy.

The technical summary highlights key performance metrics related to wood usage,
carbon emissions, and generation efficiency. The system consumes 35.73 tons of wood,
with 51% of it used in the gasification process. Carbon emissions from biomass gasifi-
cation amount to 35.95 g CO; eq./kWh, while grid electricity contributes slightly less at
32.36 g CO; eq./kWh. The overall system emissions average 33.87 g CO, eq./kWh. In
terms of utilization, wind energy shows the highest operational efficiency, with 3970 full-
load hours, followed by hydropower at 2367 h. PV systems operate for 876 h, and biomass
gasification operates for 682 h. The capacity factors reflect this trend, with wind at 45%,
hydro at 27%, PV at 10%, and biomass gasification at 8%, indicating wind as the most
productive source in the system (Figure 7b).
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Figure 7. Energy system results from scenario 1. (a) Percentage as a function of source; (b) capac-
ity factors.

3.4. Financial Summary

The financial results from scenario 1 indicate that the project is economically viable,
with a net present value (NPV) of EUR 107,290.91, suggesting a positive return over its
operational lifetime. The internal rate of return (IRR) stands at 12%, which is comfortably
above typical discount rates, reinforcing the attractiveness of the investment. However,
the modified internal rate of return (MIRR) is slightly lower at 8%, reflecting more con-
servative reinvestment assumptions. The total investment required is EUR 114,500, and
the payback period is estimated at 16.05 years. While this is relatively long, it is not un-
common for renewable energy infrastructure projects of this type. In terms of energy cost
efficiency, the levelized cost of energy (LCOE) for biomass gasification is notably high at
EUR 1287 /MWh, indicating that this technology is less cost-effective within the scenario. In
contrast, photovoltaic generation offers a much lower LCOE of EUR 192/MWh, making it
a more economically favourable option. Table 9 presents a resume of financial investments
with respect to Scenario 1, which is primarily driven by the performance of the PV system,
while the high cost of biomass energy may allow reconsideration or optimization.

Table 9. Financial results of scenario 1.

Financial Results of Scenario 1

a 107,290.91
IRR 12%
MIRR 8%
PP /years 16.05
I_total/EUR 114,500.00
LCOE_BG/EUR/MWh 1287
LCOE_PV/EUR/MWh 192

Figure 8a illustrates the discounted cash flows over a 25-year period for the project.
It shows a significant initial investment in Year 0, represented by a large negative cash
flow. Subsequent years exhibit relatively stable and modest positive returns, indicating
consistent financial performance. Overall, the cash-flow trend supports a gradual return on
investment, aligning with the long payback period observed in the financial results.
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Figure 8. Scenario 1—(a) discounted cash flows (DCFs); (b) accumulated discounted cash flows.

Figure 8b presents the accumulated discounted cash flows over 25 years, showing
a steady upward trajectory after the initial investment. The curve crosses into positive
territory around Year 16, confirming the payback period. A noticeable increase around Year
15 suggests a financial boost, possibly from asset recovery or reduced costs. Overall, the
project demonstrates gradual capital recovery and long-term profitability, culminating in a
positive net return by the end of its lifetime.

3.5. Sensitivity Analyses

The developed analysis explores the techno-economic and environmental performance
of these hybrid renewable energy systems, with a focus on biomass, solar, wind, small
hydropower (SHP), and battery energy storage systems (BESSs), where the following results
are presented in Figure 9.

From the seven scenarios (Scl to Sc7) modelled, the analysis explores techno-economic
and environmental performances. Here is a breakdown of the key findings: In terms of
technical configuration, with respect to the biomass drying kiln, the following conclusions
are drawn: Only scenarios 1-5 include biomass kilns, with Sc4 having the highest rated
power (100 kW). Sc6 and Sc7 exclude biomass entirely. Grid Feed-in Limits: These vary
significantly from 0 kW (Sc5, Sc7) to 500 kW (Sc1, Sc3, and Sc6), influencing grid reliance
and feed-in potential. Installed Capacities: PV ranges from 150 kW (Sc1, Sc2) to 600 kW
(considering a future situation without this limitation) (Sc4). Biogas (BG) capacity peaks at
100 kW in Sc4, but it is zero in Sc6 and Sc7. With respect to storage performance, for BESS
Usage, scenarios 1-5 utilize battery storage, with Sc2 showing the highest charge/discharge
values. Sc6 and Sc7 omit BESSs, resulting in zero cycles and no storage contribution.
Lifetime: Sc4’s BESS has the longest projected lifespan (861 cycles), likely due to its lower
cycling intensity.

Based on the renewable generation mix by source and the type of scenarios, some
highlights can be drawn: wind in Sc1, 2, 5, and 7 consistently presented high generation
(~0.73). Solar in Sc4 has the highest share (10.6%). Hydropower is fairly stable at ~19%
across all scenarios. Biomass in Sc4 presents the highest share (2.5%). Scenarios with higher
renewable penetration show reduced grid reliance and emissions.
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Figure 9. Sensitivity analysis to different scenarios from 1 to 7 and characteristic parameters: (a) capital
costs; (b) biomass drying kiln; (c) generation; (d) decision variable and grid parameters; (e) consump-
tion and self-consumption; (f) carbon emissions; (g) financial results.

Regarding financial metrics, the NPV of Sc3 (EUR 741,293) has the stronger investment
return. Sc2 exhibits fast payback and high profitability, with an IRR of 42%. For the payback
period, Sc2 has 4 years and exhibits the quickest return on investment for all scenarios. Sc5
has the lowest biogas energy cost (LCOE_BG) of 734 EUR/MWHh. Hence, Sc3 and Sc2 stand
out financially, but Sc4 lags with a long payback (25 years) and low IRR (6%).

In terms of environmental impact and carbon emissions, scenario 4 (Sc4) achieves the
lowest grid-related emissions (12.83 t CO; eq.) due to its high renewable penetration and
limited grid dependence; however, it also records the highest biogas emissions as a result
of its large biogas capacity. Nevertheless, Sc4 attains the highest values for both the self-
sufficiency ratio (SSR, 97.8%), indicating strong grid independence, and self-consumption
ratio (63.4%), positioning it as technically robust and environmentally advantageous,
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albeit financially, it is less favourable. By contrast, Sc2 delivers the strongest economic
performance while maintaining acceptable environmental outcomes. Sc3 balances a high
net present value (NPV) with moderate emissions and solid renewable integration, whereas
Sc6 and Sc7, lacking biomass and storage, exhibit limited sustainability and resilience.

A comparative evaluation of the seven scenarios (Sc1-5c7) highlights pronounced
trade-offs among technical performance, environmental impact, and financial feasibility, as
summarised in Table 10. Scenario 4 (Sc4) achieved the lowest grid-related carbon emissions,
estimated at 12.83 t CO, equivalent, reflecting its strong renewable integration. However,
this environmental advantage was offset by its limited financial viability, as evidenced by a
minimal net present value (NPV) and a significantly prolonged payback period.

Table 10. Main keynotes of the sensitivity analysis.

Grid
. NPV o Payback o o . Energy .
Scenario (EUR) IRR (%) (Years) SSR (%) SCR (%) Emissions Loss (%) Highlights
(t COy)
Moderate performance;
Scl 107,291.0 12.0 16.0 93.0 53.7 32.89 2.0 wind-dominated;
modest financials
Sc2 121,835 20 40 93.0 55.2 33.89 274 Best financial viability;
high losses
Best NPV; balanced
Sc3 741,293.0 20.0 7.7 94.0 50.0 28.52 2.8 renewables; good
autonomy
Technically strongest;
Sc4 2241.0 6.0 25.0 97.8 63.4 12.83 7.2 lowest emissions; weak
financials
Sc5 40,106.0 11.0 16.3 93.0 53.0 33.38 467 No grid feed-in; high
losses; weak financials
Strong NPV; no
Sc6 602,280.0 15.0 10.0 93.1 48.9 31.41 3.0 biomass; limited
autonomy
High losses; weak
Sc7 48,025.0 0.12 16.1 92.6 51.6 33.87 48.4 sustainability; poor

financials

In contrast, Sc2 demonstrated outstanding financial feasibility, showing the highest
IRR equal to 42% and the shortest payback, which was 4 years. Its technical efficiency was
compromised by significant grid-related energy losses. Sc3 provided the most balanced
outcome, combining the best NPV, which was equal to EUR 741,293, low emissions, and
good renewable integration, defining moderate IRR and payback. Scé also performed
strongly financially while maintaining low energy losses, but its lack of biomass and
storage integration limited sustainability and autonomy. Scenarios 5 and 7, constrained by
the absence of grid feed-in and/or biomass, show the highest energy losses (>45%), poor
financial metrics, and weaker sustainability. Finally, Sc1 offered an intermediate pathway,
with acceptable emissions, modest financial returns, and reasonable autonomy.

Hence, Sc3 showed the most balanced configuration, combining the highest NPV
with moderate emissions and solid renewable integration. Unlike Sc2, which favoured
financial returns at the expense of efficiency, or Sc4, which maximized environmental
performance but suffered financially, Sc3 provided a practical, compromising solution.
This balance makes it the most suitable scenario for real-world implementation within
sustainable energy transition pathways.
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3.6. Discussion

The comparative assessment of the seven modeled scenarios (Sc1-5c7) reveals a
complex interplay between technical configuration, financial viability, and environmental
performance, underscoring the necessity of integrated evaluation frameworks for hybrid
energy systems.

Technical and Environmental Trade-offs: Scenario 4 (Sc4) emerges as the technically
strongest configuration, characterized by the highest rated biomass kiln power (100 kW),
extensive renewable integration—particularly solar (10.6%) and biomass (2.5%)—and
superior storage performance, with the longest battery lifespan (861 cycles). These attributes
contribute to Sc4’s exceptional grid independence (SSR 97.8%) and lowest grid-related
emissions (12.83 t CO; eq.). However, its elevated biogas emissions and limited financial
returns (NPV EUR 2241; IRR 6%) highlight the environmental-financial trade-off inherent
in highly renewable systems.

Financial Performance and Efficiency: Scenarios 2 and 3 (Sc2, Sc3) demonstrate strong
financial metrics, with Sc2 offering the fastest payback (4 years) and highest IRR (42%),
albeit with significant energy losses (27.4%). Sc3, by contrast, balances economic and
environmental dimensions, achieving the highest NPV (EUR 741,293), moderate emissions
(28.52 t CO; eq.), and robust renewable integration. This positions Sc3 as the most viable
compromise between sustainability and profitability.

System Limitations and Design Implications: Scenarios 6 and 7, which exclude biomass
and storage, exhibit constrained autonomy and sustainability. Sc6 performs well financially
(NPV EUR 602,280) with low energy losses (3.0%), yet its lack of storage and biomass
integration limits resilience. Sc7, with minimal IRR (0.12%) and high losses (48.4%), under-
scores the risks of under-investment in key system components. Similarly, Sc5’s absence of
grid feed-in and high losses (46.7%) result in poor financial and environmental outcomes.

Strategic Insights for Implementation: The analysis confirms that no single scenario op-
timally satisfies all performance dimensions. Sc4 excels environmentally but lacks financial
appeal; Sc2 maximizes returns but compromises efficiency; Sc3 offers a balanced configu-
ration, making it the most suitable candidate for real-world deployment. These findings
reinforce the value of multi-criteria decision analysis (MCDA) in guiding energy system
design, where stakeholder priorities—be they environmental, economic, or technical—must
be explicitly weighted.

4. Conclusions

This study introduces a tailored techno-economic—environmental assessment frame-
work applied to a real-world case study in the fish processing sector, which is characterized
by high energy demands and sensitivity to operational costs and environmental regu-
lations. The analysis focuses on integrating two renewable energy sources—wind and
hydropower—into the sector’s energy supply, using actual site-specific data and opera-
tional constraints. To support this evaluation, a dedicated optimization model named
HY4RES-AHS (Hybrid for Renewable Energy Systems—Adaptive Hybrid Strategy) was
developed. This model incorporates multi-criteria decision-making and adaptive sce-
nario analysis to identify optimal hybrid configurations that balance cost-effectiveness,
environmental performance, and operational reliability.

Across the seven analysed scenarios, distinct patterns emerge in terms of technical
configuration, energy performance, environmental impact, and financial viability. Scenario
4 stands out as the most sustainable and autonomous configuration, featuring the highest
self-sufficiency ratio (97.8%) and self-consumption ratio (63.4%), alongside the lowest
grid carbon emissions (12.83 t CO; eq.). This is largely due to its robust integration of
biomass and biogas systems, as well as having the highest photovoltaic capacity (600 kW).
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However, this technical excellence comes at a financial cost, showing the lowest net present
value (EUR 2241), the longest payback period (25 years), and a modest internal rate of
return (6%), making it the least attractive from an investment standpoint. In contrast,
Scenario 2 offers the most compelling financial performance, with the highest IRR (42%),
the shortest payback period (4 years), and the lowest total investment (EUR 14,500). Despite
its economic appeal, it suffers from significant energy losses (27.4%) due to a restrictive
grid feed-in limit (120 kW), which undermines its overall efficiency and sustainability.
Scenario 3 presents a strong balance between financial and technical metrics. It achieves
the highest NPV (EUR 741,293) and a solid IRR (20%), and it maintains low energy losses
(2.8%) thanks to its generous grid feed-in capacity. Its renewable generation mix is well
distributed, and it maintains a high self-sufficiency ratio (94%), making it a well-rounded
option. Scenarios 5 and 7, which prohibit grid feed-in, experience the highest energy
losses (46.7% and 48.4%, respectively), severely limiting their efficiency and sustainability.
Scenario 6, while financially strong with an NPV of EUR 602,280, lacks biomass and
biogas integration, resulting in zero emissions from those sources but also reduced system
resilience and autonomy.

Overall, the analysis discloses that Scenario 4 is ideal for maximizing sustainability
and energy independence, Scenario 2 excels in cost-efficiency, and Scenario 3 offers the
best compromise between financial return and technical robustness. The remaining sce-
narios either suffer from grid constraints, a lack of renewable diversity, or poor economic
performance, making them less favourable depending on the chosen priority.

In summary, Scenario 2 excels in cost-efficiency, Scenario 4 is ideal for maximizing
sustainability and autonomy, and Scenario 3 offers the best overall balance across all key
performance indicators.

While the comparative assessment across the seven scenarios provides valuable insights
into the trade-offs between sustainability, autonomy, and financial viability, several limitations
should be acknowledged. First, the analysis is based on static techno-economic parameters and
assumes stable market conditions, which may not reflect future fluctuations in energy prices,
technology costs, or policy incentives. Second, the grid feed-in constraints were modeled as
fixed values, whereas in practice, these may vary dynamically or be subject to negotiation
with grid operators. Third, the environmental impact assessment focused primarily on CO,
emissions, without accounting for other relevant indicators such as land use, water footprint,
or lifecycle emissions of renewable components. Additionally, the optimization framework
did not incorporate the stochastic modeling of resource availability (e.g., wind and solar
intermittency), which could affect system reliability and investment risk.

Future work should extend the modeling framework to include probabilistic scenar-
ios and uncertainty quantification, enabling more robust decision-making under variable
conditions. Incorporating demand-side management strategies and energy storage tech-
nologies could further enhance system flexibility and reduce energy losses, particularly in
scenarios with restricted grid interaction. Moreover, expanding the environmental assess-
ment to include multi-impact metrics and conducting stakeholder-informed evaluations
would strengthen the applicability of the results to real-world planning contexts. Finally,
replicating the methodology across different industrial sectors or geographic regions would
help validate its generalizability and support the broader adoption of hybrid renewable
energy systems.
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Abbreviations

Glossary of terms

BESS Battery energy storage system
BG Biomass gasifier ICE

C&I Commercial and industrial
CHP Combined heat and power
DCF Discounted cash flow

EMS Energy management system

EPR Energy-to-power ratio
FCF Free cash flow

GA Genetic algorithm

GPC Giza pyramid construction

GRG Generalized reduced gradient
HRES Hybrid renewable energy system
ICF Investment cash flow

IRR Internal rate of return

LCOE Levelized cost of electricity

LHV Lower heating value

LP Linear programming

MIRR Modified internal rate of return
NPV Net present value

OCF Operating cash flow

PP Payback period

PPA Power purchase agreement
PSO Particle swarm optimization
PV Photovoltaic

SCR Self-consumption ratio

SHP Small hydropower plant
S0C State of health

SSR Self-sufficiency ratio
WWTP  Waste water treatment plant

References

1.  Schermeyer, H.; Vergara, C.; Fichtner, W. Renewable energy curtailment: A case study on today’s and tomorrow’s congestion
management. Energy Policy 2018, 112, 427-436. [CrossRef]

2. Danilova, P. Permitting Procedures for Renewable Energy Projects in the European Union. Master’s Thesis, Technische Universitét
Wien, Vienna, Austria, 2024. [CrossRef]

3. Khan, A,; Bressel, M.; Davigny, A.; Abbes, D.; Ould Bouamama, B. Comprehensive Review of Hybrid Energy Systems: Challenges,
Applications, and Optimization Strategies. Energies 2025, 18, 2612. [CrossRef]

4. Laimon, M.; Yusaf, T. Towards energy freedom: Exploring sustainable solutions for energy independence and self-sufficiency

using integrated renewable energy-driven hydrogen system. Renew. Energy 2024, 222, 119948. [CrossRef]


https://doi.org/10.1016/j.enpol.2017.10.037
https://doi.org/10.34726/HSS.2024.123054
https://doi.org/10.3390/en18102612
https://doi.org/10.1016/j.renene.2024.119948

Water 2025, 17, 3242 26 of 28

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Rekioua, D. Energy Storage Systems for Photovoltaic and Wind Systems: A Review. Energies 2023, 16, 3893. [CrossRef]
Senthilkumar, V.; Prabhu, C. Optimization of design and development of a biomass gasifier-a review. Biofuels 2024, 15, 1079-1097.
[CrossRef]

Ampah, ].D,; Jin, C.; Afrane, S.; Yusuf, A.A.; Liu, H.; Yao, M. Race towards net zero emissions (NZE) by 2050: Reviewing a decade
of research on hydrogen-fuelled internal combustion engines (ICE). Green Chem. 2024, 26, 9025-9047. [CrossRef]

Vagnoni, E.; Gezer, D.; Anagnostopoulos, I.; Cavazzini, G.; Doujak, E.; Ho¢evar, M.; Rudolf, P. The new role of sustainable
hydropower in flexible energy systems and its technical evolution through innovation and digitalization. Renew. Energy 2024,
230, 120832. [CrossRef]

da Silva Sousa, P.; Neto, ES.; de Franga Serpa, J.; de Lima, R.K.C.; de Souza, M.C.M.; Melo, R.L.E; de Matos Filho, J.R.; dos
Santos, ].C.S. Trends and challenges in hydrogen production for a sustainable energy future. Biofuels Bioprod. Biorefining 2024, 18,
2196-2210. [CrossRef]

Wang, Y.; He, X.; Liu, Q.; Razmjooy, S. Economic and technical analysis of an HRES (Hybrid Renewable Energy System)
comprising wind, PV, and fuel cells using an improved subtraction-average-based optimizer. Heliyon 2024, 10, 32712. [CrossRef]
[PubMed]

Pan, X.; Zhao, Y,; Lin, X.; Zhao, N.; Sun, M.; Ma, ]. Towards Sustainable Urban Water System: A Strategic Approach to Advance
Decarbonizing Water Management. Engineering 2025, 50, 31-39. [CrossRef]

Papathanasiou, A.F.; Bertsiou, M.M.; Baltas, E. Pumped-storage hydropower and hydrogen storage for meeting water and energy
demand through a hybrid renewable energy system. Euro-Mediterr. ]. Environ. Integr. 2024, 9, 1471-1483. [CrossRef]

Kumar, PP; Nuvvula, R.S.S.; Hossain, M.A.; Shezan, S.K.A.; Suresh, V.; Jasinski, M.; Gono, R.; Leonowicz, Z. Optimal Operation
of an Integrated Hybrid Renewable Energy System with Demand-Side Management in a Rural Context. Energies 2022, 15, 5176.
[CrossRef]

Ramos, H.M.; Coelho, J.S.T.; Bekdi, E.; Adrover, T.X.; Coronado-Hernédndez, O.E.; Perez-Sanchez, M.; Koca, K.; McNabola, A.;
Espina-Valdés, R. Optimization and Machine Learning in Modeling Approaches to Hybrid Energy Balance to Improve Ports’
Efficiency. Appl. Sci. 2025, 15, 5211. [CrossRef]

Ramos, H.M,; Pina, J.; Coronado-Herndndez, O.E.; Pérez-Sanchez, M.; McNabola, A. Conceptual hybrid energy model for
different power potential scales: Technical and economic approaches. Renew. Energy 2024, 237, 121486. [CrossRef]

Bahgaat, N.K.; Moustafa Hassan, M.A; El-Sayed, M.I; Bendary, F.A. Load Frequency Control in Power System via Improving
PID Controller Based on Particle Swarm Optimization and ANFIS Techniques. In Research Methods: Concepts, Methodologies, Tools,
and Applications; IGI Global Scientific Publishing: Hershey, PA, USA, 2015. [CrossRef]

Nguyen, N.T.; Matsuhashi, R.; Vo, T.T.B.C. A design on sustainable hybrid energy systems by multi-objective optimization for
aquaculture industry. Renew. Energy 2021, 163, 1878-1894. [CrossRef]

Garcia-Jiménez, A.; Rqiq, Y.; Ballestin, V. Integration Assessment of Renewable Energy Sources (RESs) and Hydrogen Technologies
in Fish Farms: A Techno-Economical Model Dispatch for an Estonian Fish Farm. Sustainability 2024, 16, 7453. [CrossRef]
Bamisile, O.; Cai, D.; Adun, H.; Dagbasi, M.; Ukwuoma, C.C.; Huang, Q.; Johnson, N.; Bamisile, O. Towards renewables
development: Review of optimization techniques for energy storage and hybrid renewable energy systems. Heliyon 2024,
10, €37482. [CrossRef] [PubMed]

Mahmoudi, S.M.; Maleki, A.; Rezaei Ochbelagh, D. Multi-objective optimization of hybrid energy systems using gravitational
search algorithm. Sci. Rep. 2025, 15, 2550. [CrossRef]

Korovushkin, V.; Boichenko, S.; Artyukhov, A,; Cwik, K.; Wréblewska, D.; Jankowski, G. Modern Optimization Technologies in
Hybrid Renewable Energy Systems: A Systematic Review of Research Gaps and Prospects for Decisions. Energies 2025, 18, 4727.
[CrossRef]

Sahu, P.C.; Prusty, R.C.; Sahoo, B.K. Modified sine cosine algorithm-based fuzzy-aided PID controller for automatic generation
control of multiarea power systems. Soft Comput. 2020, 24, 12919-12936. [CrossRef]

Sharma, M.; Prakash, S.; Saxena, S.; Dhundhara, S. Optimal Fractional-Order Tilted-Integral-Derivative Controller for Frequency
Stabilization in Hybrid Power System Using Salp Swarm Algorithm. Electr. Power Compon. Syst. 2021, 48, 1912-1931. [CrossRef]
Rerkpreedapong, D.; Hasanovié, A.; Feliachi, A. Robust load frequency control using genetic algorithms and linear matrix
inequalities. IEEE Trans. Power Syst. 2003, 18, 855-861. [CrossRef]

Ali, H.H.; Fathy, A.; Kassem, A.M. Optimal model predictive control for LFC of multi-interconnected plants comprising renewable
energy sources based on recent sooty terns approach. Sustain. Energy Technol. Assess. 2020, 42, 100844. [CrossRef]

Sah, S.V.; Prakash, V.; Pathak, PK.; Yadav, A.K. Fractional Order AGC Design for Power Systems via Artificial Gorilla Troops
Optimizer. In Proceedings of the 2022 IEEE International Conference on Power Electronics, Drives and Energy Systems (PEDES),
Jaipur, India, 14-17 December 2022. [CrossRef]

Giedraityte, A.; Rimkevicius, S.; Marciukaitis, M.; Radziukynas, V.; Bakas, R. Hybrid Renewable Energy Systems—A Review of
Optimization Approaches and Future Challenges. Appl. Sci. 2025, 15, 1744. [CrossRef]


https://doi.org/10.3390/en16093893
https://doi.org/10.1080/17597269.2024.2324569
https://doi.org/10.1039/D4GC00864B
https://doi.org/10.1016/j.renene.2024.120832
https://doi.org/10.1002/bbb.2686
https://doi.org/10.1016/j.heliyon.2024.e32712
https://www.ncbi.nlm.nih.gov/pubmed/39040855
https://doi.org/10.1016/j.eng.2025.03.028
https://doi.org/10.1007/s41207-024-00523-1
https://doi.org/10.3390/en15145176
https://doi.org/10.3390/app15095211
https://doi.org/10.1016/j.renene.2024.121486
https://doi.org/10.4018/978-1-4666-7456-1.CH022
https://doi.org/10.1016/j.renene.2020.10.024
https://doi.org/10.3390/su16177453
https://doi.org/10.1016/j.heliyon.2024.e37482
https://www.ncbi.nlm.nih.gov/pubmed/39416839
https://doi.org/10.1038/s41598-025-86476-z
https://doi.org/10.3390/en18174727
https://doi.org/10.1007/s00500-020-04716-y
https://doi.org/10.1080/15325008.2021.1906792
https://doi.org/10.1109/TPWRS.2003.811005
https://doi.org/10.1016/j.seta.2020.100844
https://doi.org/10.1109/PEDES56012.2022.10079975
https://doi.org/10.3390/app15041744

Water 2025, 17, 3242 27 of 28

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Ahmad Khan, A.; Faiz Minai, A.; Godi, R.K.; Shankar Sharma, V.; Malik, H.; Afthanorhan, A. Optimal Sizing, Techno-Economic
Feasibility and Reliability Analysis of Hybrid Renewable Energy System: A Systematic Review of Energy Storage Systems’
Integration. IEEE Access 2025, 13, 59198-59226. [CrossRef]

Fonseca, C.M.; Fleming, P.J. Multiobjective optimization and multiple constraint handling with evolutionary algorithms - Part II:
Application example. IEEE Trans. Syst. Man Cybern.-Part A Syst. Hum. 1998, 28, 38-47. [CrossRef]

Mbasso, W.E.; Dzonde Naoussi, S.R.; Jacques Molu, R.J.; Saatong, K.T.; Kamel, S. Technical assessment of a stand-alone hybrid
renewable system for energy and oxygen optimal production for fishes farming in a residential building using HOMER pro.
Clean. Eng. Technol. 2023, 17, 100688. [CrossRef]

Beykal, B.; Boukouvala, F.; Floudas, C.A.; Pistikopoulos, E.N. Optimal design of energy systems using constrained grey-box
multi-objective optimization. Comput. Chem. Eng. 2018, 116, 488-502. [CrossRef]

Hart, W.E.; Watson, J.P.; Woodruff, D.L. Pyomo: Modeling and solving mathematical programs in Python. Math. Program. Comput.
2011, 3, 219-260. [CrossRef]

Bernal-Agustin, J.L.; Dufo-Lépez, R. Simulation and optimization of stand-alone hybrid renewable energy systems. Renew.
Sustain. Energy Rev. 2009, 13, 2111-2118. [CrossRef]

Coelho, ].S.T.; Alves, A.B.; Morillo, ].G.; Coronado-Herndndez, O.E.; Perez-Sanchez, M.; Ramos, H.M. Hybrid Energy Solution to
Improve Irrigation Systems: HY4RES vs. HOMER Optimization Models. Energies 2024, 17, 4037. [CrossRef]

Gusain, C.; Nangia, U.; Tripathi, M.M. Optimal sizing of standalone hybrid renewable energy system based on reliability indicator:
A case study. Energy Convers. Manag. 2024, 310, 118490. [CrossRef]

Ukoima, K.N.; Okoro, O.I; Obi, PI; Akuru, U.B.; Davidson, L.E. Optimal Sizing, Energy Balance, Load Management and
Performance Analysis of a Hybrid Renewable Energy System. Energies 2024, 17, 5275. [CrossRef]

Cholidis, D.; Sifakis, N.; Chachalis, A.; Savvakis, N.; Arampatzis, G. Energy Transition Framework for Nearly Zero-Energy Ports:
HRES Planning, Storage Integration, and Implementation Roadmap. Sustainability 2025, 17, 5971. [CrossRef]

Parker, RW.R; Blanchard, ].L.; Gardner, C.; Green, B.S.; Hartmann, K.; Tyedmers, P.H.; Watson, R.A. Fuel use and greenhouse gas
emissions of world fisheries. Nat. Clim. Chang. 2018, 8, 333-337. [CrossRef]

Goémez, E]J.; Valencia, I.; Pérez-Navarro, A. Potential Application of Hybrid Renewable Energy Systems in Aquafarms of Veracruz,
Mexico. Renew. Energy Power Qual. ]. 2016, 4, 420-425. [CrossRef]

Cornejo-Ponce, L.; Vilca-Salinas, P.; Lienqueo-Aburto, H.; Arenas, M.].; Pepe-Victoriano, R.; Carpio, E.; Rodriguez, J. Integrated
Aquaculture Recirculation System (IARS) Supported by Solar Energy as a Circular Economy Alternative for Resilient Communities
in Arid/Semi-Arid Zones in Southern South America: A Case Study in the Camarones Town. Water 2020, 12, 3469. [CrossRef]
Cao, J.; Liu, J.; Liu, X.; Zeng, C.; Hu, H.; Luo, Y. A Review of Marine Renewable Energy Utilization Technology and Its Integration
with Aquaculture. Energies 2025, 18, 2343. [CrossRef]

Orlov, K.T. An Environmental Assessment of Energy Biomass for Bates College and Environmental Implementation Recommen-
dations. Bachelor’s Thesis, Bates College, Lewiston, ME, USA, 2013.

Hofmann, N.; Mendel, T.; Schulmeyer, F; Kuptz, D.; Borchert, H.; Hartmann, H. Drying effects and dry matter losses during
seasonal storage of spruce wood chips under practical conditions. Biomass Bioenergy 2018, 111, 196-205. [CrossRef]

Clancy, D.; Breen, J.P; Thorne, F; Wallace, M. The influence of a Renewable Energy Feed in Tariff on the decision to produce
biomass crops in Ireland. Energy Policy 2012, 41, 412-421. [CrossRef]

Pfenninger, S.; Staffell, I. Long-term patterns of European PV output using 30 years of validated hourly reanalysis and satellite
data. Energy 2016, 114, 1251-1265. [CrossRef]

Ahmad, S.; Mohammadi, D.; Gezegin, C.; Articlehistory, A.I. Design and Simulation of Grid-Connected Solar PV System Using
PVSYST, PVGIS and HOMER Software. Int. J. Pioneer. Technol. Eng. 2022, 1, 36—41. [CrossRef]

Gonzélez, A.; Riba, J.R.; Puig, R.; Navarro, P. Review of micro- and small-scale technologies to produce electricity and heat from
Mediterranean forests’ wood chips. Renew. Sustain. Energy Rev. 2015, 43, 143-155. [CrossRef]

Ahrenfeldt, J.; Henriksen, U.; Jensen, T.K.; Gobel, B.; Wiese, L.; Kather, A.; Egsgaard, H. Validation of a continuous combined heat
and power (CHP) operation of a two-stage biomass gasifier. Energy Fuels 2006, 20, 2672-2680. [CrossRef]

Gonzalez, A.; Riba, ].R.; Esteban, B.; Rius, A. Environmental and cost optimal design of a biomass-Wind-PV electricity generation
system. Renew. Energy 2018, 126, 420-430. [CrossRef]

Mongird, K.; Viswanathan, V.V,; Balducci, PJ.; Alam, M.].E.; Fotedar, V.; Koritarov, V.S.; Hadjerioua, B. Energy Storage Technology
and Cost Characterization Report; Pacific Northwest National Laboratory (PNNL): Richland, WA, USA, 2019. [CrossRef]

Tienda Solar. JA Solar JAM60D42 525W—Monocrystalline Solar Panel N-Type | Tienda Solar. Available online: https://tienda-
solar.es/en/solar-panels/1897-ja-solar-solar-panel-jam60d42-1b-525w?srsltid=AfmBOoqEXnUXbGsU7SFh5Gi8 Y ft]fliH6g2udyP1Q
CiDEU1lyoWB5Dxn0 (accessed on 19 August 2025).

Abbes, D.; Martinez, A.; Champenois, G. Life cycle cost, embodied energy and loss of power supply probability for the optimal
design of hybrid power systems. Math. Comput. Simul. 2014, 98, 46-62. [CrossRef]


https://doi.org/10.1109/ACCESS.2025.3535520
https://doi.org/10.1109/3468.650320
https://doi.org/10.1016/j.clet.2023.100688
https://doi.org/10.1016/j.compchemeng.2018.02.017
https://doi.org/10.1007/s12532-011-0026-8
https://doi.org/10.1016/j.rser.2009.01.010
https://doi.org/10.3390/en17164037
https://doi.org/10.1016/j.enconman.2024.118490
https://doi.org/10.3390/en17215275
https://doi.org/10.3390/su17135971
https://doi.org/10.1038/s41558-018-0117-x
https://doi.org/10.24084/repqj14.351
https://doi.org/10.3390/w12123469
https://doi.org/10.3390/en18092343
https://doi.org/10.1016/j.biombioe.2017.03.022
https://doi.org/10.1016/j.enpol.2011.11.001
https://doi.org/10.1016/j.energy.2016.08.060
https://doi.org/10.56158/jpte.2022.24.1.01
https://doi.org/10.1016/j.rser.2014.11.013
https://doi.org/10.1021/ef0503616
https://doi.org/10.1016/j.renene.2018.03.062
https://doi.org/10.2172/1573487
https://tienda-solar.es/en/solar-panels/1897-ja-solar-solar-panel-jam60d42-lb-525w?srsltid=AfmBOoqEXnUXbGsU7SFh5Gi8YftJfIiH6g2u4yPlQCiDEU1yoWB5Dxn0
https://tienda-solar.es/en/solar-panels/1897-ja-solar-solar-panel-jam60d42-lb-525w?srsltid=AfmBOoqEXnUXbGsU7SFh5Gi8YftJfIiH6g2u4yPlQCiDEU1yoWB5Dxn0
https://tienda-solar.es/en/solar-panels/1897-ja-solar-solar-panel-jam60d42-lb-525w?srsltid=AfmBOoqEXnUXbGsU7SFh5Gi8YftJfIiH6g2u4yPlQCiDEU1yoWB5Dxn0
https://doi.org/10.1016/j.matcom.2013.05.004

Water 2025, 17, 3242 28 of 28

53.

54.

55.

56.

57.

58.
59.

60.

61.
62.

Basis of Charge. Available online: https://www.revenue.ie/en/companies-and-charities/corporation-tax-for-companies/
corporation-tax/basis-of-charge.aspx (accessed on 19 August 2025).

Colantoni, A.; Villarini, M.; Monarca, D.; Carlini, M.; Mosconi, E.M.; Bocci, E.; Rajabi Hamedani, S. Economic analysis and
risk assessment of biomass gasification CHP systems of different sizes through Monte Carlo simulation. Energy Rep. 2021, 7,
1954-1961. [CrossRef]

Dufo-Lépez, R.; Bernal-Agustin, ].L.; Mendoza, F. Design and economical analysis of hybrid PV-wind systems connected to the
grid for the intermittent production of hydrogen. Energy Policy 2009, 37, 3082-3095. [CrossRef]

Indrawan, N.; Simkins, B.; Kumar, A.; Huhnke, R.L. Economics of Distributed Power Generation via Gasification of Biomass and
Municipal Solid Waste. Energies 2020, 13, 3703. [CrossRef]

O’Connor, S.; Ehimen, E.; Pillai, S.C.; Lyons, G.; Bartlett, J. Economic and Environmental Analysis of Small-Scale Anaerobic
Digestion Plants on Irish Dairy Farms. Energies 2020, 13, 637. [CrossRef]

Timilsina, G.R. Demystifying the Costs of Electricity Generation Technologies; World Bank: Washington, DC, USA, 2020.

Bagherian, M.A.; Mehranzamir, K.; Rezania, S.; Abdul-Malek, Z.; Pour, A.B.; Alizadeh, S.M. Analyzing Utilization of Biomass in
Combined Heat and Power and Combined Cooling, Heating, and Power Systems. Processes 2021, 9, 1002. [CrossRef]
Non-Domestic Microgen Scheme | Business Grants and Supports | SEAL Available online: https://www.seai.ie/grants/business-
grants/commercial-solar-pv (accessed on 19 August 2025).

Dugan, A. Demonstrating Biomass Sustainability. Master’s Thesis, Durham University, Durham, UK, 2023.

Irish Grid Monthly Recap, February 2025. Available online: https://currents.greencollective.io/irish-grid-monthly-recap-
february-2025/ (accessed on 19 August 2025).

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://www.revenue.ie/en/companies-and-charities/corporation-tax-for-companies/corporation-tax/basis-of-charge.aspx
https://www.revenue.ie/en/companies-and-charities/corporation-tax-for-companies/corporation-tax/basis-of-charge.aspx
https://doi.org/10.1016/j.egyr.2021.03.028
https://doi.org/10.1016/j.enpol.2009.03.059
https://doi.org/10.3390/en13143703
https://doi.org/10.3390/en13030637
https://doi.org/10.3390/pr9061002
https://www.seai.ie/grants/business-grants/commercial-solar-pv
https://www.seai.ie/grants/business-grants/commercial-solar-pv
https://currents.greencollective.io/irish-grid-monthly-recap-february-2025/
https://currents.greencollective.io/irish-grid-monthly-recap-february-2025/

	Introduction 
	Materials and Methods 
	Fish Sector Case Study 
	Proposal of Developed Optimization Tool HY4RES-AHS 
	Input Data 
	Small Hydropower Plant 
	Wind Turbine 
	Photovoltaic (PV) Systems 
	Biomass Generator 
	Battery Energy Storage System 
	Financial and Emission Parameters 

	Proposal Simulation for Technical and Financial Parameters 
	Proposal of Optimization and Sensitive Analysis 

	Results of the Case Study 
	Input Data 
	Decision Variables 
	Technical Summary 
	Financial Summary 
	Sensitivity Analyses 
	Discussion 

	Conclusions 
	References

