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Abstract:

This work presents a system-level Mixed-Integer Linear Programming (MILP) framework for the long-term
operational optimization of a commercial-scale green hydrogen production plant integrating photovoltaic (PV)
generation, Battery Energy Storage System (BESS), Proton Exchange Membrane Water Electrolyzer
(PEMWE), hydrogen compression, and storage. The methodology is applied to the hydrogen production plant
currently under implementation in Trieste within the North Adriatic Hydrogen Valley (NAHV) initiative and is
developed over a time horizon of 87,600 h. The proposed framework minimizes the specific operational cost
of hydrogen production while accounting for BESS ageing and evaluating PEMWE degradation.

Two operating scenarios are investigated: Scenario 1 considers a fixed hydrogen production target of 1000
kg/day with flexible grid support through a Power Purchase Agreement (PPA), whereas Scenario 2 aims at
maximizing daily hydrogen production with a constant PPA electricity supply. Results show that the operating
strategy has a higher influence on both hydrogen cost and component ageing. Scenario 2 requires a more
intensive use of the BESS to operate the PEMWE closer to its efficiency region and has a higher dependence
on grid electricity characterized by an higher unit cost. As a consequence, the BESS lifetime in Scenario 1 is
approximately 25% higher than in Scenario 2, leading to an estimated LCOE difference of about 3% between
the two cases. Moreover, Scenario 2 shows an average annual hydrogen operational cost about 6.2% higher
than Scenario 1, due to the greater reliance on grid electricity and lower efficiency operational processes.

No significant difference is observed in the cost increase associated with degradation between the two
Scenarios as them are characterized by similar daily hydrogen production levels.
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1. Introduction

Green hydrogen production through water electrolysis is increasingly recognized as a key technology for
decarbonizing energy systems.mHowever, the widespread deployment of electrolysis-based hydrogen
production is still constrained by the limited energy efficiency, performance losses and the high costs,
highlighting the need for advanced digital tools to support long-term operational planning .

Although Proton Exchange Membrane Water electrolyzers (PEMWE) have significantly advanced in recent
years, their large-scale deployment is still affected by efficiency losses and degradation mechanisms that
progressively increase cell voltage and reduce stack lifetime[1].

Intermittent renewable supply, frequent start—stop cycles, and load variations can further accelerate ageing
phenomena and influence the long-term techno-economic performance of the hydrogen production plants.
Therefore, understanding degradation phenomena of electrolyzers operating under dynamic conditions is
crucial for the deployment of future green hydrogen markets [2].

Some techno-economic studies of large-scale electrolysis systems have identified electricity purchasement,
utilization factor, and operating strategies as major drivers of green hydrogen cost, thereby motivating the
adoption of optimization-based tools for electrolyzer scheduling and plant management [3].

As for example, in [4] it is highlighted that assuming a PEMWE partial-load strategy instead of fixed load the
hydrogen average cost can be decreased up to 17% thereby demonstrating the importance of MILP-based
approach in accounting for the efficiency behaviour of electrolysis systems. A recent study [5] reports that the
cost of electricity can account more than 64% of the total Levelized Cost of Hydrogen (LCOH), emphasizing
the effect of operational strategy and reliance on grid electricity on the overall economic viability of green
hydrogen production. Moreover in [6] it is pointed out that many optimization studies on renewable-coupled
PEMWE systems still neglect the impact of degradation on operating efficiency, despite that performance


mailto:federico.delmondo@dia.units.it

PROCEEDINGS OF ECOS 2026 - THE 39™ INTERNATIONAL CONFERENCE ON
EFFICIENCY, COST, OPTIMIZATION, SIMULATION AND ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS

28 JUNE — 03 JULY, 2026, CONSTANTA, ROMANIA

losses affect specific energy consumption, component lifetime and, consequently, the overall techno-economic
performance of the system. The authors in [7] have identified that accounting for degradation in LCOH
calculation can underestimate the cost from 2 to 10 % depending on the degradation rates considered, thus
demonstrating that neglecting the performance decay may underestimate the hydrogen production cost.

This work proposes a system-level Mixed Integer Linear Programming (MILP) optimization framework for a
long-term operation of a commercial-scale hydrogen production plant integrating water electrolysis, aimed at
minimizing operational hydrogen production costs considering also performance losses over a specific
hydrogen production time horizon of 87,600 hours.

The proposed methodology is applied to the hydrogen production facility currently under implementation in
Trieste within the North Adriatic Hydrogen Valley (NAHV).

The daily plant operation is optimized to ensure that the PEMWE, supported by the Battery Energy Storage
System (BESS), operates in a regime that minimizes hydrogen production operating costs, while BESS state
of health (SOHggss) and PEMWE degradation are explicitly accounted for within the overall assessment
framework. This establishes a preliminary framework for quantifying the effect of degradation on the final
hydrogen cost and provides a basis for future optimization approaches in which the degradation minimization
is directly treated as an additional objective function.

In particular, two plant operating Scenarios are investigated:

e Scenario 1, based on a fixed hydrogen production target of 1000 kgn2/day, with a flexible Power
Purchase Agreement (PPA) allowing grid electricity imports of up to 2 MWh in order to meet the daily
production target;

e Scenario 2, based on maximizing the hydrogen production achievable by the PEMWE, with a fixed
PPA supply equal to 2 MWh, such that the daily hydrogen production is determined by the combined
contribution of PV generation and the constant grid import.

Therefore, the novelty of this work lies in the development of a more realistic framework for the long-term
operational planning of PEMWE systems, integrating efficiency variations, degradation-related performance

losses, and the operational strategy based on the PPA contract.

2. Methodology

2.1. Energy system description

The simplified energy system shown in Figure 1 represents the configuration of a power-to-hydrogen plant
currently being implemented in Trieste within the framework of the NAHV initiative [8].
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Figure 1: Schematic layout of the hydrogen production plant currently under implementation in Trieste as
part of the North Adriatic Hydrogen Valley (NAHV) initiative.

The hydrogen production plant includes on-site electricity generation from a photovoltaic (PV) system,
renewable grid electricity supplied under a Power Purchase Agreement (PPA), a Battery Energy Storage
System (BESS), a Proton Exchange Membrane Water Electrolyzer (PEMWE), a compression system
composed by two multi-stage compressors, a Hydrogen Storage System (HSS); the hydrogen is then
distributed in gaseous form by truck trailers. In addition, the overall plant operation is supported by auxiliary
systems, which are not explicitly depicted in Figure 1 but are included in the plant modelling.
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The plant energy supply is regulated by an Energy Management System (EMS), which controls and dispatches
electricity from the PV system and the grid to the plant subsystems enhancing flexible plant operation.
Whenever the available PV power is insufficient to meet the instantaneous plant demand, electricity from the
grid is used as a supplementary source to ensure continuous operation and to meet the hydrogen production
target in Scenario 1 or as a constant supplementary energy input in Scenario 2.

The EMS also determines whether the available electricity should be stored or directly used, thus enabling the
PEMWE to operate within its optimal efficiency range. This operating logic is consistent with the non-linear
efficiency behaviour of PEMWE, for which the maximum system efficiency is generally achieved at partial load
rather than at nominal operation [9].

Table 1 reports the nominal capacities for the subsystems of the considered hydrogen production plant, which
define the overall sizing of the system considered in this study.

Table 1: Nominal capacities for the subsystems of the considered hydrogen production plant.

Coefficient Description Unit Value
pMAX PV system capacity MWp 5
EMAX BESS capacity MWh 2
pHAX PEMWE capacity MW 5

Payx(eL) PEMWE auxiliary systems capacity MW 0.1*pyiAx
pMA%, Nominal compressor power kw 110
Paux(comp) Compressors auxiliary systems power kw 0.1*Pyyx(comp)
yax Maximum HSS storage capacity ton 2
pHax Maximum distribution trailer pressure bar 200
pRES Residual trailer pressure bar 20
VHAX Maximum distribution trailer volume m3 28

2.1. Energy system operation

The PV electrical power output Pp, represents the power produced by the local PV. In addition, the hydrogen
plant can import green electricity from the grid with a power equal to P;g,pthrough a PPA.

The BESS is used to mitigate the effects of PV intermittency and to modulate the power supplied to the
PEMWE throughout the day. The BESS charging and discharging processes are affected by efficiency losses;
accordingly, the effective charging and discharging power rates are represented by PSE. and PRIS,
respectively.

The PEMWE system is assumed to achieve the maximum efficiency at 35% of its nominal load, whereas the
minimum operating power is set at 20% of nominal power, as operation below this threshold is associated with
lower production efficiency and is therefore neglected at the system level as reported in [10].

The electrical power required by the PEMWE system PI°Taccounts for the operating stack power Pg; and the
operating power required by the PEMWE auxiliary systems Pyyx gL)-

The compression system requires a total electrical power PZS%p, defined as the sum of the electrical power
absorbed by the compressor P¢,yp and the power demand of the associated auxiliary systems Pyyxcompy- TO
ensure stable and efficient compressor operation despite variability in hydrogen production, a buffer storage
(BS) system is located upstream of the compressor in order to guarantee a regulated hydrogen mass flow rate
at the compressor inlet.

Hydrogen loading to HSS can occur under either (i) free-loading and/or (ii) forced-loading conditions. In free-
loading mode, hydrogen is transferred directly from the BS to the HSS with a mass flow rate mgyp by exploiting
the pressure gradient between the upstream BS and the downstream HSS, without additional mechanical
work.

In forced-loading mode, hydrogen from the BS is compressed, and the resulting mass flow rate corresponds
to the hydrogen processed by the compressor m¢oup. The compressed hydrogen is then transferred to the
HSS, with a resulting mass flow rate equal to mygs. From the HSS the hydrogen is then filled within the truck
trailers mainly under free loading conditions.

The storage operating scenario considered within the modelling approach corresponds to the minimum HSS
residual pressure pRES (typically between 150 and 200 bar), that allows the storage of the daily hydrogen
production in an HSS characterized by a maximum pressure of p¥4X. The filling of the truck trailers is assumed
to take place under free-loading conditions and is therefore not explicitly considered in the model.

The main parameters regarding plant operations are reported in Table 2.
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Table 2: Main parameters regarding plant operation.

Coefficient Description Unit Value
EMAX BESS nominal capacity MWh 2
pMax Maximum input/output BESS power MW 1
piax Maximum grid import power MW 2
EMAX Maximum grid import energy MWh 2

My PEMWE nominal hydrogen production rate kg/h 90
pMax Maximum storage pressure bar 500
pRES Residual pressure bar ~200
p¥up Compressor inlet pressure Pa 30:10°
Py Plant auxiliary systems power kw 50
pSrE PEMWE standby power needs kw 50
2.3. Modelling

The system ageing is evaluated over a time horizon of 87,600 hours and the P, is obtained through the PVGIS
tool [11], considering as a reference period the 2013-2022 years interval and the PV plant specific
characteristics [12]. The cost of energy produced by the PV system is evaluated using the Levelized Cost of
Energy (LCOE) metric, which provides a representative unit cost for PV generation over the system lifetime.
The LCOE, is obtained by using the formulation reported in [13], through the economic and technical

parameters reported in Table 3. The resulting value is equal to 75 €/ MWh, in line with [14].

Table 3: Economic and technical parameter of the PV system.

Parameter Unit Value Source
PV system investment cost €/kWp 450 [15]
BESS investment cost €/kWh 2000 [16]
Site development and infrastructure costs €/kWp 350 [17]
Discount rate % 5 -
Mean PV production MWh/y 6500 [11]
PV modules rep. cost €/kWp 250 [18]
PV Modules O&M cost €/kWly 10 [19]
Modules lifetime y 30 [20]
Panel degradation Y%ly 04
BESS rep cost €/kWh 630 [13]
O&M cost €/kWhly 20 21]
BESS lifetime y 15

In both Scenarios, the cost of electricity purchased through the PPA, cg;p, is assumed to be fixed at 150
€/MWh throughout the analysis and represents the cost of green electricity supplied by the grid whenever local
PV generation is insufficient to meet the hydrogen production target of 1000 kgnz2/day in Scenario 1, or as a
constant supplementary energy input in Scenario 2.

For the BESS, the charging and discharging efficiencies, respectively n&t.. and néis. respectively, are included
in Egs. (1) and (2) to account for conversion losses and ensure a realistic representation of battery operation,
in accordance with [22]. Where, C,,.. is the parameter that express the rate at which a BESS it is charged or
discharged relative to its nominal capacity, with a C,,;. equal to 1 indicating the battery is fully charged or
discharged in one hour.

nehes = 0.9912 — 0.0422 - Cpape + 0.0082 - C2,pp (1)
ndis . = 0.9972 — 0.0413 - Cpqpe + 0.0034 - C2,y, ()

Therefore, PSk is obtained by multiplying n&tgswith the electrical power supplied to the BESS during the
charging process Pi¥ss and PSS, is obtained by multiplying né.. with the electrical power supplied by the

BESS during the discharging process PSrcs.
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Moreover, Pi¥ and PSYL are characterized by a maximum power rating of 1 MW and the admissible range of
the BESS state of charge SoCggss is considered between 0 and 2 MWh at the Beginning of Life (BoL) for
modelling purposes.

The PEMWE efficiency ng, and hydrogen production rate mg, curves, are defined based on the experimental
data of the PEMWE, showing a maximum efficiency of 65% at 35% of the nominal PEMWE load and a
minimum efficiency of 58.5% at nominal load. When the PEMWE operates in standby mode - i.e., with no
hydrogen production but remaining in a controlled state to enable a rapid return to operation - an additional
electrical power demand P/ Bis required to maintain the operating temperature and pressure of the electrolysis
system [23].

The PEMWE cell electrochemical model is developed in line with [24] and the cell voltage V,,; at PEMWE BoL
is expressed as the sum of the open-circuit voltage V., the activation overvoltage V, ;ivation @nd the ohmic
overvoltage V,nmic-

Vcell = VOCV + Vactivation + Vohmic [V] (3)

The PEMWE design parameters, including the number of stacks, the number of cells per stack, and the cell
active area (Table 4), are taken from the literature [25] [26] and used to extend the cell-level electrochemical
model to the PEMWE system considered in this work. From the PEMWE power consumption and hydrogen
production rate at each operating point, the corresponding efficiency curve at PEMWE Bol is determined.

In order to calibrate the obtained efficiency curve with the experimental data, a calibration step has been
introduced, by using the ionic resistance as a fitting parameter as introduced in [27]. The value of this
parameter has been selected to limit the deviation between the calculated curve and the experimental one to
less than 2% for operating powers above 20% of the nominal power, as this portion of the curve is the most
representative for the considered application as considered in Section 2.1.

Table 4: Main PEMWE design parameters considered in the electrochemical model.

Design parameter Unit Value
PEMWE number of stacks - 5
Number of cells per stack - 126

Cell Area cm? 1250

Regarding the PEMWE auxiliary systems (e.g.: cooling system, water pump, etc) P,y is modelled as a
term proportional to Pg;, and reaching its maximum value Pyi/¥(s,) at PE**.

The compression system has been modelled following the methodology presented in [28]. The compressor
specific power consumption SEC.oup, Mainly depends on the pressure increase required to compress
hydrogen from the residual storage pressure, pREs | to the maximum storage pressure, pH&X.

For both scenarios, although the residual storage pressure is expected to vary in order to accommodate the
full hydrogen production as introduced in Section 2.1, the compressor specific energy consumption, SEC:oup,
is assumed constant and equal to 1.85 kWh/kg. This assumption is adopted to isolate the difference between
the two operational strategies as mainly resulting from the electrolyzer efficiency, while still accounting for the
share of electrical energy required for hydrogen compression.

The auxiliary power consumption of the compressor system P,y xcomp) iS modelled as a linear function of the

Muzcomp PrOCESSed by the compressor. Specifically, the auxiliary power scales proportionally with 1y, .0p
and its maximum admissible value ri, o, reaching the maximum auxiliary power P3¢,y at nominal
compressor operation. The total electrical power consumption of the plant auxiliary systems P}{};(PL) (e.g.:
water treatment unit, monitoring devices, etc) is modelled as a term proportional to PZ°T and reaching its

maximum value P4i/(p,, at Pi*.

2.4. Optimization and degradation evaluation framework

The following section presents the mathematical formulation adopted for the minimization of hydrogen
production cost. The resulting Mixed-Integer Linear Programming (MILP) problem is implemented in the
Python programming language and solved using the Gurobi optimizer [29] . All operational variables and
constraints are defined over a discrete time horizon t € T = {1, ...,24} with an hourly resolution (4t equal to 1).
Within the proposed framework, BESS degradation is directly incorporated into the optimization through the
progressive reduction in available battery capacity, while PEMWE degradation is accounted for through the
time-dependent update of electrolyzer performance, enabling the evaluation of its effect on system operation.
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Objective function

The objective function, Eq. (8), is defined to minimize the specific operational cost of hydrogen production,
expressed in €/kgH2, through the optimal management of energy sources, conversion units, and storage
systems.

~ min Y ter(Pey air (1) * Cpy + Parssevy (D) * oy + Pakssgripy (V) * Corip + Porip,air (t) * Corip) * At
obj —

(8)

Hzprod,day

In Eqg. (8), the coefficients cp, (equal to LCOE) and cgg;p represent the unit costs of electricity supplied by the
photovoltaic system and the electrical grid (€/KWh), respectively, while the corresponding power terms account
for the direct and storage-mediated energy contributions over the optimization horizon. Ppy 4;,-(t) represents
the photovoltaic power directly supplied to the hydrogen production plant, ngss(w) (t) represents the
photovoltaic power used to charge the BESS. Similarly, Pggp q4:(t) indicates the grid power directly consumed
by the hydrogen production plant, ngSS(GRID) (t) corresponds to the grid power used for BESS charging.

The PEMWE and BESS efficiency curves and the PEMWE hydrogen production curve, exhibiting non-linear
behavior, are approximated using piecewise linear (PWL) functions.

The PEMWE hydrogen production rate my,,, is approximated by a PWL function f,,(-) defined over a set of
breakpoints as introduced Eq. (5).

My, (0 = for (PeL (8), L (D) (5)

In which PZP7 (t) is the sum of Pg, (t), P3[®(t), and Payx(ery ().

BESS charging and discharging processes are also characterized by efficiencies losses. The electrical energy
effectively stored in BESS or supplied by the BESS is therefore modeled using PWL functions, respectively
9en () and g4i(+) as presented in Eq.(6) and Eq. (7).

PEEs(0) = gen (PiNss (0, nEhss (D) (6)
PRISS() = Gais (PO (D), nisss (©) (7)

The total compressor power demand PZ97 . (t) includes both P,y (t), assumed to scale linearly with SECgoyp
coefficient, and Pyyxcomp) t0 Scale proportionally with my, ... (t), as expressed in Eq. (8).

pMAX MMz COMP ()

Piomp () = SECcomp * Mz copp (8 + Patix(compy * 5 aiax 8
Mu2comp ( )
TOT

The MILP formulation accounts for the plant auxiliary systems and P,;xp;y (t), calculated through Eq. (9).

Pg (1)
Pativcpry ° pHAx 9

PZL%(PL) ® =
Constraints
The power balance Eg. (10), ensures that the total power demand of the PEMWE, compressor and auxiliary
systems, meets the available power from PV system, BESS, and grid supply.
PECT(©) + PESie () + Pigxpry(® = Povair(®) + Piss () + Pogip air () (10)

To prevent multiple start—stop cycles within the day, a monotonicity constraint is introduced in the PEMWE
operation through the binary variable t(t) Eq.(11). These constraints ensure that the PEMWE can be switched
on at most once during the day.

) =1(t—-1) (11)

The status of PEMWE operation is regulated by Eq. (12) that ensures electrolyzer operation within its technical
power limits when is switched on.

PEIN () - T(t) < Pg, < P (t) - T(t) (12)
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The electrical power demand of the PEMWE during standby operation is modelled through Eq. (13), where the
parameter a represents the auxiliary power required to maintain the system in standby conditions (a equal to
50 kW).

PEP () =a-(1-1(1) (13)

The electrical power needed for the standby operations is represented by the sum of the portion supplied by
the grid P/ %,i4)(t) or by PV system P35, (t), Eq. (14).

PP (£) = PiL(pyy (8) + Pei(Griay (D) (14)

Total BESS input power Pi¥cc is decomposed into contributions from PV generation and grid electricity Eq.
(15), while Eq. (16) ensures that the BESS charging power remains below P}

Pgrssrvy(®) + Pgssory(t) = Phlpss(0) (15)

P ggss,m(t) + P Eﬁs’é’,m(t) < Pgiss (16)

The BESS output power as for the input power is constrained according to Eq. (17).
Pids(t) < PRs 17)

Eq. (18) ensures that the energy produced by the PV system is equal to the sum of the energy supplied to the
BESS or directly used by the hydrogen plant.

Poy,air (£) + Pgsspry(t) = Ppy (t) (18)

The BESS can be charged also by the energy supplied from the grid. Differently from the PV case, where the
entire generated energy is directly utilized or stored in the BESS, the optimizer determines the amount of
electricity requested from the grid up to PX4% as presented in Eq. (19) and Eq. (20).

Perip,air(t) + PgissGripy(t) < Porip(t) (19)

Porip () < PEiip () (20)
When the grid supply is active the constrain presented in Eq. (21) enforces a strictly positive grid power import
with €.

Perip(t) = €-0(t)Vt (21)

The BESS SoC is updated based on the energy charged into or discharged from the BESS, as expressed in
Eq. (22).
SoC(t) = SoC(t — 1) + P§krr - At — PEES.. - At (22)

The BESS SoC is explicitly initialized at the beginning of the optimization horizon by imposing SoC(1) = 0 and
SoC(2) = 0. These constraints define a fully discharged BESS at the start of the scheduling horizon and during
the first step. This assumption, ensures physical consistency of the energy balance, and allows the subsequent
evolution of the BESS SoC to be driven exclusively by charging and discharging decisions within the modeled
horizon.

The BESS SoC is constrained as presented in Eq. (23): where SoCMV is equal to E}/Y. and the upper bound

is represented by the BESS State of Healt (SOHggss) that is equal to EYAY at the BoL.

SoCMIN < SoC(t) < SOHggss (23)

The progressive reduction over time in the maximum BESS capacity, represented by SOHggss, results from
ageing associated with battery charge-discharge cycling and is described by Eq. (24) according to [30], where
the equivalent number of full charge-discharge cycles (EFC) is evaluated using the Rainflow counting method
reported in [31].

EFCyq, (24)
5200 - (Asoc) a5
The battery charge - discharge logic Eqg. (25) and Eq. (26) ensures that the battery cannot charge and
discharge simultaneously and it is governed by the binary variable a(t).

Pilss(6) < PHAE() - 0(1) (25)

SOHggss = SOHBESS(day—l) -
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Pggss(t) < PEESE () - (1 — o (1)) (26)
To guarantee optimal operation of the hydrogen compression system, a lower bound on my,, is introduced,
as expressed by the constraint reported in Eq. (27), where my, . represents the hydrogen mass stored in the
BS system.

mHZEL(t) + mHZBEss(t) = mHZIC\‘/IOHI\\;p(t) (27)

The daily hydrogen production requirement is defined according to the considered operating scenario as
reported in Eq. (28). For Scenario 1, the total daily hydrogen production is constrained to match the assigned
target, H224Y ..+ . In Scenario 2, instead, the daily hydrogen production, H2P4Y | is determined by the available
energy resources.

H224Y o for Scenario 1 (28)

H2PAY for Scenario 2

From a practical modelling perspective, Scenario 2 is implemented by imposing a sufficiently high daily
hydrogen production target, so that the optimization problem is not effectively constrained by the target itself
and returns the maximum hydrogen production achievable during the day under the available electrical energy
conditions. In this context, the MILP optimization remains necessary to define the hourly energy balances and
to determine the operating behaviour of the BESS.

Starting from the determined Pg, (t), that not includes the degradation effects, the electrochemical cell
operating point represented by the cell voltage V. op)(t) and the current density iq;op)(t) is determined
through Eq. (3).

The PEMWE cell voltage increase due to degradation phenomena is recalculated at each time step by
considering the formulation introduced in Eq. (29) [32] in which AV, 4.4 is the additional term introduced to
account for the progressive voltage increase associated with the degradation over time Eq.(30).

Vcell,deg = VOCV + Vactivation + Vohmic + AVcell,deg [V] (29)
AVoonpgeg = (0.2499 - iy, + 2.3545 ) - 10° [V/h] (30)

Dter My, (1) = {

Starting from i ey (op)(t) the corresponding degraded cell voltage, Vi (op),aeg. IS determined and then used to
calculate Py 4.4(t), representing the effective PEMWE power requirement under degraded conditions.

3. Results

This section presents the main results of the long-term optimization framework applied to the commercial-scale
hydrogen production plant considered in this study. The analysis aims to assess the impact of different plant
operating strategies on hydrogen production plant performances and hydrogen production cost over a time
horizon of 87,600 hours, while accounting for the progressive effects of BESS and PEMWE degradation. In
particular the proposed approach enables the quantification of the techno-economic effects of PEMWE
efficiency, dependance on grid electricity and systems degradation under different operating Scenarios
conditions.

In particular, the analysis is developed by considering two operating Scenarios:

e Scenario 1, based on a fixed hydrogen production target of 1000 kgH2/day, with a flexible Power
Purchase Agreement (PPA) arrangement allowing grid electricity imports of up to 2 MWh in order to
meet the daily production target;

e Scenario 2, based on maximizing the hydrogen production achievable by the PEMWE, with a fixed
PPA supply equal to 2 MWh, such that the daily hydrogen production is determined by the combined
contribution of PV generation and the constant grid import.

In this study, the BESS is assumed to reach end-of-life (EoL) when its remaining capacity decreases to 70%
of the nominal value, in line with commonly adopted thresholds reported in the literature for lithium-ion batteries
and BESS [33].

Th e adopted empirical cycle-aging relationship assumes that BESS lifetime decreases with increasing cycling
depth: deeper charge-discharge cycles lead to a lower number of achievable equivalent full cycles, whereas
shallower cycles allow the battery to withstand a higher number of cycles before reaching end-of-life.

Figure 2 illustrates the evolution of BESS degradation from BoL over the analyzed time horizon and shows
that the estimated BESS lifetime is approximately 25% higher in Scenario 1 than in Scenario 2.

The results also show that an optimization strategy focused exclusively on maximizing the operational
efficiency of the electrolysis system can lead to substantial BESS degradation.
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Figure 2: Battery degradation over the considered time horizon of ten years for Scenario 1 and Scenario 2 of
hydrogen plant operation strategy.
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In Scenario 2, due to the structure of the proposed MILP framework, the battery is used more intensively to
maintain the PEMWE within its most efficient operating region. This operating strategy enhances PEMWE
efficiency, but at the same time causes faster BESS ageing and a significant reduction in its lifetime.

The resulting assessment of BESS ageing suggests a battery lifetime shorter than the value assumed in
Section 2.3 (Table 3), which was used for the preliminary calculation of a LCOE equal to 75 €/ MWh. When the
estimated lifetime is taken into account, the LCOE increases by approximately 3% in Scenario 1 and by 6% in
Scenario 2.

As for the battery degradation, Scenario 2 reports a higher degradation of the PEMWE compared to Scenario
1 due to the higher current densities reached during operation and the degradation function considered in Eq.
(3).

Considering [25] the recommended EoL condition for the PEMWE stack is reached when the cell voltage at
nominal load increases from 1.99 V BoL to 2.20 V, corresponding to an increase of about 10%.

Figure 3 shows the relationship between cumulative degradation and cumulative hydrogen production for the
two operating scenarios.

The results are in line with literature for both Scenarios as the PEMWE reaches the EoL at approximately
70,000 h, therefore within the range of 20,000 — 80,000 hours identified by [34].

Scenario 1 lies above Scenario 2 over the whole time horizon, meaning that it reach a higher cumulative
degradation to achieve the same cumulative hydrogen production. This reflects a less favourable degradation
pattern for Scenario 1, because PEMWE degradation function represented in Eq. (30) is primarily associated
with the cumulative operating time of the PEMWE.

Cumulative degradation as a function of cumulative H2 production
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Figure 3: Cumulative degradation as a function of cumulative H2 production.

In contrast, Scenario 2 accumulates degradation slightly faster in absolute terms and therefore reaches the
degradation threshold (0.2 V) earlier in terms of operational lifetime.

The different operating strategy adopted in Scenario 2 leads to an average increase in specific energy
consumption of 1.34% compared to Scenario 1 when degradation is not considered. Moreover, when the effect
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of degradation is included, this increase rises to 1.42%. This suggests that the difference between the two
scenarios is primarily driven by the adopted operating strategy, while the contribution of degradation remains
comparatively limited over the analyzed time horizon.
This effect becomes more evident in Figure 4, where the two curves represent the cost difference between the
two operating scenarios when degradation is neglected (green curve) and when degradation is taken into
account (red curve).

Monthly distribution of cost difference between Scenario 2 and Scenario 1
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Figure 4: Operational cost difference between Scenario 1 and Scenario 2 considering degradation (red) and
non-considering the degradation (green)

The monthly distribution of operational cost difference exhibits higher values during the summer period, as
Scenario 2 relies more heavily on electricity imported from the grid, which is characterized by a higher unit
energy cost. Overall, the cost increase reaches up to approximately 1 €/kg during the summer months and the
resulting average annual increase in hydrogen production operational cost is about 6.2% in Scenario 2
compared to Scenario 1.

Conclusions

This work presents a system-level Mixed Integer Linear Programming (MILP) optimization framework for a
long-term operation of a commercial-scale hydrogen production plant integrating water electrolysis, aimed at
minimizing operational hydrogen production costs considering also BESS performance losses and evaluating
PEMWE degradation over a hydrogen production time horizon of 87,600 h.

The results shows that the operating strategies, associated with different PPA contracts, significantly
influences both the techno-economic performance of the plant and the ageing of the BESS and PEMWE.

In particular, Scenario 1, based on a fixed daily hydrogen production target with flexible grid support, results
in a lower operational cost for hydrogen production. Scenario 2, by contrast, is characterized by a more
intensive use of the BESS to keep the PEMWE operating closer to its highest-efficiency region, together with
a slightly higher PEMWE degradation due to the higher operating loads reached.

The analysis highlighted that the BESS lifetime in Scenario 1 is approximately 25% higher than in Scenario 2.
Therefore, a difference in LCOE of about 3% is expected between the two scenarios, due to the shorter BESS
lifetime estimated for Scenario 2.

The inclusion of PEMWE degradation in the two operating scenarios results in an average increase in
hydrogen production cost of 3.18% in Scenario 1 and 3.22% in Scenario 2 over the analyzed time horizon.
The difference between the two scenarios remains limited because their annual average hydrogen production
levels are relatively close, with Scenario 1 equal to 1000 kg/day and Scenario 2 equal to 1200 kg/day. However,
under more demanding operating conditions, the impact of degradation on the overall hydrogen cost would
become more significant.

Overall, the results highlight a clear trade-off between short-term operating efficiency and long-term system
performance, showing that operating strategies aimed at maximizing PEMWE efficiency may not correspond
to the most advantageous solution from a whole-system techno-economic perspective.

Future developments of the proposed framework will focus on extending the present formulation toward a
multi-objective optimization approach, in which hydrogen production cost, PEMWE degradation, BESS ageing,
and grid electricity utilization are simultaneously accounted.
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