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ABSTRACT

The urgent need to reduce global CO: emissions demands an accelerated transition to renewable energy
systems. In this context, stand-alone renewable systems in remote areas are increasingly relevant, as
such systems often rely on diesel generators that contribute to high CO:2 emissions and operating costs.
This study investigates the design of a fully renewable energy system for a Mediterranean island, relying
on both photovoltaic and wind energy. To achieve this, a multi-objective optimization framework is
developed, targeting the minimization of the Levelized Cost of Electricity (LCOE) and renewable
energy curtailment. The intermittency of renewable energy sources necessitates the use of storage
systems. This study evaluates three energy storage configurations: battery storage, hydrogen storage,
and a hybrid solution combining the two technologies. The hydrogen storage system includes an
electrolyzer to convert excess electricity into hydrogen, a compressor and tank for storing hydrogen at
the desired pressure, and a fuel cell to generate electricity when needed. The results demonstrate the
shortcomings of both storage systems when employed independently. Consequently, the hybrid
solution, which combines the high efficiency of batteries in short-term storage with the long-term
reliability of hydrogen systems, represents the optimal selection. However, the analysis also highlights
a trade-off between minimizing LCOE and renewable energy curtailment due to the high cost of storage
systems. Increasing production capacity, while accepting a degree of curtailment, is currently more
cost-effective. A key focus of the study is identifying threshold storage system costs at which the LCOE
and curtailment cease to be conflicting objectives. This price gap serves as a critical indicator of the
need for cost reductions in storage technologies to ensure economic sustainability and efficient
utilization of renewable energy sources. By providing a comprehensive assessment of the
interdependence between economic and technical factors across diverse storage systems, this study
offers valuable insights into the design and optimization of stand-alone renewable energy systems for
remote areas.

1 INTRODUCTION

Isolated islands, due to their limited interconnections with the national grid, continue to rely heavily on
Diesel Generators (DGs) for electricity generation. For this reason, they have become focal points for
transitioning to 100% Renewable Energy Systems (RESs). The shift towards RESs is primarily driven
by the need to mitigate environmental impacts and reduce energy costs, which on islands can be up to
ten times higher than on the mainland due to the high and volatile price of diesel (IEA, 2024). Meschede
etal. (2022) noted that despite the necessity of 100% RES to meet zero greenhouse gas emission targets,
research on such systems remains limited in the literature. In fact, integrating high shares of Variable
Renewable Energy Sources (VRESS) such as solar and wind into these systems presents significant
operational challenges, among which renewable energy curtailment is a major concern. In grid-
connected systems, excess renewable energy can often be exported to neighboring grids, thereby
alleviating curtailment issues. In contrast, off-grid islands must maintain a strict balance between local
generation and demand, making curtailment a more pressing issue. Energy Storage Systems (ESSs)
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offer a potential solution by mitigating the intermittency of VREs and reducing curtailment. However,
the high capital costs associated with current storage technologies often make oversizing renewable
energy plants a more economically attractive alternative, even at the cost of a certain degree of
curtailment. This approach leads to suboptimal utilization of renewable resources and increases the
overall capital expenditure per unit of energy delivered. Additionally, in small island environments, the
need to oversize renewable installation is constrained by limited land availability. Song et al. (2018)
highlighted that electricity curtailment reduces the capacity factor of renewable power systems, thereby
increasing their required capacity and, consequently, their land use, construction-related shipping, and
maintenance costs.

Several studies analyzed the integration of storage systems in isolated locations. Brinkhaus et al. (2011)
found that incorporating batteries and hydrogen storage enhances system reliability, making it
particularly suitable for off-grid applications. Marocco et al. (2022) demonstrated that hydrogen storage
becomes advantageous when CO; emission constraints are imposed, thereby reducing reliance on diesel
generators. This paper examines three electricity storage configurations: Battery Electricity Storage
System (BESS), Hydrogen Storage System (HSS), and hybrid storage (a combination of battery and
hydrogen). By analyzing these configurations, the study evaluates the economic impact of storage
hybridization at different levels of renewable energy curtailment.

To do this, a multi-objective optimization framework is employed, where typical objectives in the
literature include system costs, such as Levelized Cost of Electricity (LCOE) (Borhanazad et al., 2014)
or annual costs (Mahbub et al., 2017), and environmental aspects, particularly CO, emissions (Mahbub
et al., 2016). While curtailment has also been used as an optimization objective (Wang et al., 2019), it
remains less frequently addressed. In this study, the optimization objectives are the LCOE and the
Renewable Energy Curtailment (REC). Optimization problems can be solved using either rule-based or
optimization-based approaches. The former typically employs meta-heuristic methods, while the latter
often relies on Mixed-Integer Linear Programming (MILP) models. This work adopts a rule-based
approach using an in-house developed software that employs the Particle Swarm Optimization (PSO)
algorithm.

The main goal of this paper is to investigate how the optimal sizing of a 100% RES system is affected
when constraints on REC are imposed. Additionally, the study seeks to determine how a reduction of
the storage technologies’ cost could lead to a reduction of curtailment in the optimal configuration.

2 METHODOLOGY

A meta-heuristic optimization framework is implemented in Python to perform a multi-objective
optimization using the e-constraint method. The algorithm chosen is the adaptive PSO proposed by
Zhan et al. (2009) and implemented through the Python library Pymoo (Blank and Deb, 2020). The
following subsections describe the energy system modeling, the optimization approach, the economic
parameters utilized, and the selected case study. The proposed layout of the 100% RES is shown in
Figure 1, where electricity is generated by wind turbines and photovoltaic panels, and energy balance
is maintained through a combination of BESS and HSS to ensure a continuous power supply that meets
the island’s electricity demand. The HSS includes an electrolyzer to produce hydrogen from renewable
energy, a compressor to increase the hydrogen pressure to store it in a tank, and a fuel cell to reconvert
hydrogen to electricity when needed. Different system configurations were analyzed, each
incorporating different combinations of storage technologies (BESS, HSS, hybrid BESS+HSS) to
assess the impact of hybridization on system performance.

2.1  Energy System Modelling and Management

The optimization considers a one-year time horizon with an hourly discretization timestep (t), and it is
executed using an in-house developed Python-based software called Multi Energy System Simulator
(MESS). MESS is a modular, rule-based model (Ademollo et al., 2025; Mati et al., 2023) that enables
the optimal sizing of energy system components. Input data include electrical demand profile and
meteorological conditions, such as solar irradiance and wind speed, as well as technical and economic
parameters of system components. The key outputs of the optimization include the optimal sizing of
the components, along with economic metrics such as the Levelized Cost of Electricity.
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Figure 1: Layout of the renewable energy system.

Therefore, at each timestep, the system must satisfy the energy balance in Equation (1):
Ppy(t) + Pwr(t) + Pec(t) + Per,ais(t) = Ppem(t) + Per(t) + Pco(t) + Percn(t) + Peurt(8) (1)

Where Ppy(t) and Py (t) are the power generated respectively by the photovoltaic (PV) and wind
turbine, Pgr 4is(t) and Pgrcn(t) represent the battery’s discharging and charging power, Pgc(t),
Pg1.(t) and Pco(t) correspond to the operating power of the fuel cell, the electrolyzer, and the
compressor, Ppem(t) is the electricity demand of the system and Pcygrr(t) is the power curtailment of
VRES, all expressed in kW.

The system’s energy management follows a rule-based algorithm implemented in MESS. At each
timestep, the electricity demand and the renewable energy production are determined. When VRES
production exceeds demand, the surplus is allocated to storage systems, with priority given to the
battery. This prioritization is based on the battery’s role as a short-term storage solution, while hydrogen
storage is designed for seasonal balancing. If both storage systems reach full capacity, any additional
renewable generation is curtailed. Conversely, when electricity demand exceeds renewable energy
production, electricity load is met by discharging the battery first, followed by the fuel cell if additional
energy is required.

The photovoltaic system’s energy production was obtained from the Photovoltaic Geographical
Information System (PVGIS) database (JRC, 2024), using location-specific hourly data. The selected
configuration corresponds to a fixed system with tilt and azimuth angles optimized for the site, resulting
in values of 32° and 7°, respectively. A system loss of 14%, as recommended by PVGIS, was applied.
Consequently, the specific energy production at each timestep is determined, and the total power output
of the PV system Ppy; can be calculated by multiplying the specific production for the nominal power
of the plant Ppy ;..

The wind turbine’s power output was estimated using a characteristic power curve, which expresses
power as a function of wind speed, as described in Equation (2) (Deshmukh and Deshmukh, 2008).
Wind speed data were retrieved from PVGIS at a reference height (h.ef) of 10 m and were corrected to
the turbine hub height (hyr) of 80 m using the power law shown in Equation (3). The power law
exponent a was set to 0.17, based on the mean wind speed velocity at turbine height and at reference
height, as reported by the Italian Wind Atlas (Sperati et al., 2024). In Equation (2), vy, ci, Vw,co and vy, ¢
are respectively the cut-in (3 m/s), cut-out (25 m/s) and rated wind speed (13 m/s), while Py is the
rated power of the turbine, in kW. In Equation (3), v, ref is the wind speed measured at the reference
height (in m/s).
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The energy stored in both storage systems is dynamically updated at each timestep. For the BESS,
lithium-ion technology was selected due to its superior performance compared to lead-acid alternative.
Charge and discharge efficiencies ngt , and npr qis Were set at 95% (Moretti et al., 2019). The self-
discharge rate o was defined to ensure a monthly self-discharge of 5% (Gracia et al., 2018). The State
of Charge (50C), defined as the ratio of stored energy to the nominal battery capacity Capgr, is
constrained within a minimum (SOCy,;,) and a maximum limit (SOC,,.x) to ensure operational safety.
While SOC,,.x has been set to 1, a SOCy,;, threshold of 20% is always maintained to prevent deep
discharge and ensure battery longevity (Gracia et al., 2018). Equations (4) and (5) resume the SOC’s
dynamic update:

Pgrch(t) - Atngrch  Pprais(t) - At

SOC(t +1) = SOC(E) - (1 — 0) + —% ch _ BT, ()
Capgr Capgpt " NBT,dis

SOCmin < SOC(t) < SOCpax (®)

The Hydrogen Storage System employs Proton-Exchange Membrane (PEM) technology for both the
electrolyzer and fuel cell, as it provides a rapid response to fluctuating renewable energy inputs
(Nikolaidis and Poullikkas, 2017). A detailed model of the PEM electrolyzer and fuel cell has been
implemented in MESS following Lubello et al. (2022). The electrolyzer operates up to 30 bar with a
nominal efficiency of 66.0% equivalent to a conversion efficiency of 50.5 kWh/kgn2. The fuel cell
operates at ambient pressure with a nominal efficiency of 42.8% corresponding to a conversion
efficiency of 0.070 kgno/kWh, based on hydrogen’s Lower Heating Value (LHV). The conversion
efficiencies determine the hydrogen mass flow rates for both production (my, 1) and consumption
(muz,rc)- To prevent membrane degradation at low partial loads, a minimum operating power of 10%
is imposed for both the electrolyzer and the fuel cell. Each system consists of 100 kW modules operating
in parallel. If the available power is insufficient to sustain at least 10% capacity per module, the system
dynamically adjusts the number of active modules to ensure stable operation. The Level of Hydrogen
(LOH) in the storage tank, defined as the ratio of the stored hydrogen to the total tank capacity, is
updated dynamically at each timestep, balancing hydrogen production and demand, as shown in
Equation (6):

m ) m ¢
LOH(t + 1) = LOH(¢) + mzen(® _ Mizrc(©) ©
Sizeyr Sizey

The water consumption consy,ogr, (in m?) for the operation of the electrolyzer is calculated by
multiplying the hydrogen production by a water consumption factor, equal to 15 m3uz0/kgn2 (Singlitico
et al., 2021). The storage system consists of a seamless steel tank pressurized at 200 bar. Hydrogen
from the electrolyzer is compressed from 30 to 200 bar using a centrifugal compression system, with a
specific energy consumption of 1.76 kWh/kgw. (Tractebel et al., 2017).

2.2 Sizing approach
The system sizing was performed using the Particle Swarm Optimization algorithm to optimize
component sizes while minimizing both the LCOE and the REC. The multi-objective optimization was
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conducted using the e-constraint method. First, a single-objective optimization minimizes the LCOE
without any constraint on the curtailment. The formula for estimating the LCOE (in €/kWh) is presented
in Equation (7):

2k Crepi,j + Cogm,j
Zk Cinv,k * (1 + Ceng + Cinst) + 27:1 ( r?i 4{ d)j J)

LCOE = (7)

T'l Etot,j _
=T+ dy)

Where Ey,; ; (in KWh) is the total electricity demand met in the j-th year, Cjpy x (in €) is the investment
cost of the k-th component, with additional engineering (ceng) and installation (cins:) costs as a
percentage of the investment, Crep, i ; represents the replacement cost (in €) of the k-th component
during the j-th year, determined by multiplying the component investment cost by a replacement rate.
The term Cogy,j is the annual Operating Expenditures (OPEX) for the j-th year that includes the

maintenance costs for all components and the water cost for the PEM electrolyzer. Finally, n is the
lifetime of the project, set at 20 years, while d is the real discount rate, which accounts for the nominal
discount rate (d') and the inflation rate (ir) using Fisher’s equation, as displayed in Equation (8). The
nominal discount rate was set at 7%, while the inflation rate chosen is the average in the Euro Area in
the last 30 years, equal to 2.23% (Trading Economics, 2024).

g= 14 (8)
1+ir

Economic data used for the analysis are detailed in Table 1 and Table 2. Component costs are derived
from authoritative sources, including the International Energy Agency (IEA-Wind, 2023; IEA-PVPS,
2022), the Danish Energy Agency (DEA, 2024a.; DEA, 2024b; DEA, 2024c), and the National
Renewable Energy Laboratory (NREL, 2024a; NREL, 2024b; NREL, 2024c).

Table 1: Economic parameters for components.

Component CAPEX OPEX Lifetime Replacement

PV 1060 €/kW 2% Cinv pv Project -
Wind 1200 €/kW 3% Cinywind Project -

BESS 450 €/kWh 2.5% Ciny 15 50% Ciny T

Electrolyzer 1196 €/kW 5% CinyEL 10 50% Cinv,EL

Fuel Cell 1300 €/kW 5% Ciny rc 10 20% Ciny Fc
H, Tank 230 €/kg 2% Cinvur Project -
Compressor 4577 €/kW 4% Ciny.co Project -

Table 2: Energy costs and financial parameters.

Energy Costs Value
Demineralized Water 4 €/m®
Financial Parameters Value
Nominal discount rate 7%
Inflation rate 2.23%
Cost of engineering 15% Cipy
Cost of installation 15% Cipy
Project Lifetime 20 years

The renewable energy curtailment in the cost-optimized scenario Ecyrtmax (In KWh) is given by
Equation (9):
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tend
EcurT,max = Z Pcyrr(t) - At 9)

t=tstart

The range of curtailment values — from maximum curtailment to zero curtailment — was divided into n
steps. The Pareto front was then constructed by solving n single-objective problems, each minimizing
LCOE while satisfying a constraint on the corresponding annual curtailment Ecyrr target-

2.3 Pantelleria case study

The island of Pantelleria in Italy was selected as a case study due to its geographical position and
characteristics. Its significant distance from the mainland makes a connection to the national electricity
grid unfeasible. Electricity demand is primarily met by diesel generators, with only 1 MW of installed
PV capacity as of 2020 (European Commission, 2020), which results in high annual costs and CO>
emissions. Despite this, Pantelleria has significant renewable energy potential. An analysis based on the
PVGIS Typical Meteorological Year (TMY) dataset indicates an energy yield of 1641.9 kWh/kW, from
PV, corresponding to a capacity factor of 18.74%. Wind energy potential is even higher, with an
estimated yield of 3298.0 kWh/kW,, and a corresponding capacity factor of 37.65%. To model
electricity consumption, real monthly data were retrieved from the “Clean Energy for EU Island” report
(European Commission, 2020). To obtain an hourly demand profile, the Italian agency for Energy
System Research (RSE) tool “TOTEM” was used (RSE, 2021). The island's electricity consumption
closely follows seasonal tourism patterns, peaking during the summer months. The total annual
electricity demand amounts to 31.1 GWh. Figure 2 presents a summary of the island’s renewable energy
potential and the hourly electricity load profile over a year.

3 RESULTS

The Pareto cost-curtailment fronts were generated for the three storage configurations (BESS, HSS,
BESS+HSS) starting from an economic optimization unconstrained on the amount of curtailment.
Subsequent front points were obtained by reducing the initial curtailment level in six successive steps
(-20%, -40%, -60%, -80%, -90%, -100%). The results, illustrated in Figure 3, demonstrate that a
reduction in RES curtailment is accompanied by an increase in LCOE for each storage scenario.
However, the magnitude of this growth varies significantly. It is evident that the BESS scenario is
unsuitable for a fully renewable system. Among the three configurations, BESS consistently results in
the highest LCOE, but the gap widens when the constraint is stricter, leading to an exorbitant LCOE of
5.157 €/kWh when curtailment is eliminated, compared with 0.513 €/kWh for the HSS and 0.388 €/kWh
for the hybrid configuration. The minimum LCOE for BESS is 0.315 €/kWh and occurs with a
curtailment of 30.4 GWh (48.5% of VRES production). By comparison, the HSS achieves a lower
LCOE of 0.295 €/kWh with 26.6 GWh of curtailment (37.6% of production), and the hybrid system
outperforms both, yielding a minimum LCOE of 0.287 €/kWh with 25.5 GWh of curtailment (40.7%
of production).
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Figure 2: Heatmaps of PV, Wind producibility, and Electricity demand over a year.
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Figure 3: Cost-Curtailment Pareto Fronts in BESS, HSS, and BESS+HSS configurations.

The analysis of Figure 3 highlights the advantages of hybrid storage in balancing cost efficiency with
curtailment reduction. The hybrid configuration enables a trade-off between these two objectives. For
instance, a 60% reduction in curtailment leads to an LCOE of 0.294 €/kWh, only 2.4% higher than the
optimal one achieved without curtailment constraints.

An investigation of the variations in component sizes from the economic optimal solution to the one
with zero curtailment is presented in Figure 4, revealing expected trends. Across all configurations,
reducing curtailment is associated with a decrease in the power generation capacity and an increase in
storage systems size. This effect is particularly pronounced in battery-based systems. Given the BESS’s
inadequacy to provide seasonal storage, the economically optimal solution requires substantial PV
oversizing (35.20 MW) and a relatively small battery capacity (74.70 MWh). Conversely, when a zero-
curtailment constraint is imposed, the PV capacity is significantly reduced (15.52 MW) while the
battery storage is drastically increased to 2460 MWHh. It is noteworthy that wind turbines have low sizes
in the BESS scenario (from 1.47 MW to 2.40 MW). This is due to the seasonal nature of wind
generation, which peaks in winter when electricity demand is relatively low. Consequently, wind power
becomes less suitable in a scenario where the storage system has a duration of only a few hours. The
other two scenarios achieve a more balanced distribution of renewable energy sources, with a
corresponding decrease in size in both cases, as delineated in Table 3. Consequently, there is an increase
in the hydrogen storage tank from 89.72 to 162.00 tons in the HSS case and from 64.08 to 122.03 tons
in the hybrid case. Notably, in the hybrid scenario, battery capacity remains relatively stable across
different curtailment levels, suggesting that the system effectively utilizes hydrogen storage to
compensate for seasonal imbalances. The increase in tank dimensions is concomitant with an increase
in the sizes of the electrolyzer and the fuel cell, as delineated in Table 3.
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Figure 4: Component Sizes for minimum LCOE and zero curtailment in the different configurations.
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Table 3: Component Sizes for minimum LCOE and zero curtailment in the different configurations.

Component BESS HSS BESS+HSS
MinLCOE O0Curt |[MinLCOE O0Curt |[MinLCOE 0Curt
PV [MW] 35.20 15.52 14.20 11.43 14.55 12.44
Wind [MW] 1.47 2.40 14.40 9.36 11.77 6.23
BESS [MWh] 74.70 2459.99 - - 28.74 27.32
Electrolyzer [MW] - - 3.80 17.40 2.00 12.00
Fuel Cell [MW] - - 4.20 13.80 3.00 3.40
H. Tank [t] - - 89.72 162.00 64.08 122.03

The different operational characteristics of the storage systems are reflected in their level of charge
trends, as depicted in Figure 5. The hydrogen tank, represented on the right, exhibits a seasonal storage
pattern across all scenarios, with variations depending on the specific configuration. Conversely, the
battery displays a seasonal trend exclusively in the BESS configuration with zero curtailment. In the
other scenarios, the battery’s size is considerably smaller, and its state of charge undergoes more
frequent charging and discharging cycles, aligning with the short-term energy balancing role it plays.
These differences translate directly into the system’s economic performance. Figure 6 illustrates the
contribution of the various technologies to the LCOE under different curtailment levels. Across all the
scenarios, as the system transitions from the minimum LCOE to a zero-curtailment solution, the cost
contribution of renewable energy generation decreases, while the share of storage-related costs
increases. This shift is most pronounced in the BESS scenario, where the need for very high battery
capacity drives up costs. In contrast, in the hybrid configuration, the presence of a battery as a short-
term storage solution reduces the required size of hydrogen storage components, particularly the fuel
cell, leading to a more cost-effective system compared to the HSS-only scenario.

In conclusion, a sensitivity analysis was conducted on the hybrid configuration to evaluate whether a
reduction in storage system prices could render curtailment minimization economically beneficial. The
analysis considered simultaneous reductions in battery, electrolyzer, fuel cell and hydrogen tank costs.
The results, illustrated in Figure 7 indicate that cost reductions lead to a notable decrease in curtailment
levels of the optimal system configuration. Specifically, with an 80% reduction in storage costs,
curtailment decreases from 24.6 GWh to 4.0 GWh, while the disparity in LCOE between the optimal
and zero-curtailment scenarios narrows from 0.101 €/kWh to just 0.016 €kWh. While future price
trends remain uncertain, estimates (Cole and Karmakar, 2023; IRENA, 2020) indicate a reduction in
utility-scale battery costs of 30% by 2030 and of 55% by 2050, while electrolyzer costs are expected to
decline by 60% by 2030 and between 80 and 88% by 2050, depending on the installed capacity. These
projections suggest that a zero-curtailment solution could become the economically optimal choice in
the future, provided that widespread deployment of storage and conversion technologies drives the
anticipated cost reductions.
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Figure 5: Battery SOC (left) and Hydrogen LOH (right) in the different scenarios.
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Figure 6: Components’ contribution to the LCOE in the different configurations.
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Figure 7: Price Gap between optimal and zero curtailment solutions at different storage prices.

4  CONCLUSIONS

This study presents a multi-objective optimization of an isolated fully renewable system, evaluating
different storage configurations and their impact on LCOE and renewable energy curtailment. The key
findings can be summarized as follows:

The use of batteries alone is not adequate for a fully renewable stand-alone energy system,
especially when curtailment reduction is a priority. The BESS-only configuration results in
significantly higher LCOE, particularly under strict curtailment constraints.

Hybrid storage, integrating both BESS and HSS, provides the best economic performance across
all the levels of curtailment. It achieves the lowest LCOE of 0.287 €/kWh and maintains a relatively
modest increase at zero curtailment (0.388 €/kWh), demonstrating the advantages of storage
hybridization.

A 60% reduction in curtailment in the hybrid storage configuration results in only a marginal 2.4%
increase in LCOE, indicating that curtailment minimization can be achieved without excessive
economic penalties when storage is properly integrated.

Across all configurations, reducing curtailment necessitates an increase in storage system size while
allowing for a reduction in power generation capacity. This trend is particularly evident in battery-
based systems, where curtailment elimination requires substantial battery oversizing.
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- Sensitivity analysis indicates that a reduction in storage and conversion technologies price could
enhance the economic feasibility of curtailment minimization. A projected 80% reduction in storage
costs could reduce curtailment from 24.6 GWh to 4.0 GWh, while narrowing the LCOE gap
between optimal and zero-curtailment solutions from 0.101 €/kWh to just 0.016 €/kWh.

Overall, the study highlights that hybrid storage solutions offer the most effective trade-off between

cost and curtailment reduction in isolated fully renewable energy systems. Future developments in

storage technologies could further enhance the viability of achieving zero curtailment solutions. Further
research could explore advanced energy management strategies and the integration of demand-side
flexibility to improve the overall efficiency of the system.

NOMENCLATURE
BESS Battery Electricity Storage System
c Specific cost (€/kWh)
C Cost ©)
Cap  Capacity (kWh)
cons  Consumption (m?®)
d Real discount rate )
d’ Nominal discount rate )
DG Diesel Generator
E Energy (kWh)
ESS  Energy Storage System
h Height (m)
HSS  Hydrogen Storage System
ir Inflation rate )
LCOE Levelized Cost of Electricity (€/kWh)
LHV  Lower Heating Value (kWh/kg)
LOH Level of Hydrogen )
m Mass flow rate (kg/s)
MESS Multi Energy System Simulator
MILP Mixed Integer Linear Programming
n Lifetime (years)
OPEX Operational Expenditures
P Power (kW)
PEM  Proton-Exchange Membrane
PSO  Particle Swarm Optimization
PVGIS Photovoltaic Geographical Information System
REC Renewable Energy Curtailment
RES Renewable Energy System
RSE Italian agency for energy system research
Size  Size (kg)
SOC  State of Charge )
t Timestep (h)
TMY  Typical Meteorological Year
\ Velocity (m/s)
VRES Variable Renewable Energy Source
a Power law exponent )
n Efficiency (%)
o Self-discharge rate (hh)
Subscript
BT Battery co Cut-out
ci Cut-in co Compressor
ch Charge CURT Curtailment
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DEM Demand max  Maximum

dis Discharge O&M Operation and Maintainance
EL Electrolyzer PV Photovoltaic
end End r Rated

eng Engineering ref Reference

FC Fuel Cell rep Replacement
H2 Hydrogen start  Start

H20  Water target Target

HT Hydrogen Tank tot Total

inst Installation w Wind speed
inv Investment WT  Wind Turbine

min Minimum
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