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ARTICLE INFO This paper presents an analysis of the impact of the marine environment on selected components of a ship hybrid
propulsion system, including the PEMFC/BOP section (balance-of-plant auxiliary equipment), structural
elements, joints and mountings. The analysis was carried out for Baltic Sea conditions, with four seasons, two
exposure levels and North Sea reference scenarios with high chloride deposition. Four mutually complementary
assessment areas were considered: thermal-moisture, corrosion, electrochemical and dynamic effects. The
thermal-moisture part was described using a heat balance and the dew point. Corrosion effects were determined
from chloride deposition S; and the 1SO 9223 dose-response function. The PEM electrochemical part was
represented using the Springer relations and the Tafel equation, whereas the dynamic part was described using
the JONSWAP spectrum, the RAO operator and the rms acceleration ams. The scenarios were compared using
the proposed decision metric R*. The results indicate that the total environmental load results from the
simultaneous influence of condensation, corrosion, electrochemical loading and dynamics, with individual
mechanisms dominating under different operating conditions. In particular, two main sources of risk were
separated: a humid-salt environment, which intensifies corrosion processes, and dry conditions, which reduce
membrane hydration and increase the electrochemical load of the FC section. The study also shows that
appropriately selected protective measures and changes in system configuration can significantly reduce the overall
environmental impact in terms of corrosion, dynamic and electrochemical loads. The proposed approach may be
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used as a preliminary environmental qualification tool and as a basis for planning further validation tests.
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1. Introduction

Modernization of marine propulsion systems favours the
increasingly common implementation of hybrid solutions,
in which a conventional combustion source cooperates with
energy storage systems, power converters and additional
power sources, including fuel cells. In the present approach,
the propulsion plant is treated not only as an internal com-
bustion engine and its internal processes, but as an integrat-
ed set of interacting hybrid components. Consequently, the
environmental conditions are assessed for the whole pro-
pulsion system, including the proton exchange membrane
fuel cell (PEMFC) section, reformer, gas-preparation sys-
tem, power converters, enclosures, joints, mountings and
balance-of-plant (BOP) auxiliary equipment [5, 26, 27, 32,
34-36, 39, 43].

In marine applications, this assessment is particularly
important. Moisture, salt aerosol, condensation, variable
temperature, contamination of working media and dynamic
loads act simultaneously on materials, joints, BOP elements
and the operating conditions of the PEMFC section. They
may cause corrosion of enclosures and fittings, increased
flow resistance, sensor errors, local voltage losses, deterio-
ration of membrane conductivity, loosening of connections
and reduced readiness of the system to cover peak loads [8,
11-14, 25, 28, 36, 40, 42, 43].

The problem is important for naval vessels because their
operating environment varies both seasonally and spatially.
The Baltic Sea, which is the main operational area of the

Polish Navy, has lower salinity than ocean waters, but it is
characterized by large annual variability in temperature,
humidity, icing, wind and sea state. Therefore, environmen-
tal qualification should not be based on a single averaged
case. It requires a separation of seasons, exposure levels
and storm situations, as well as a reference to the more
aggressive North Sea conditions, which are also of opera-
tional interest to the Polish Navy [7, 15, 17, 18, 23, 31].

Previous studies show that marine PEMFC systems
should be considered simultaneously as electrochemical,
thermal-moisture and mechanical systems. Reviews of
PEMFC use in shipping emphasize the importance of stack
durability, BOP architecture, fuel and air quality, hydrogen
safety and hybrid-system operating strategy [8, 10, 27, 39,
41]. Studies focused on salt aerosol show that salt ions may
affect bipolar plates, the gas diffusion layer, the catalyst
layer and the membrane, therefore, they are not only
a problem of external enclosure corrosion [28, 40].

In the national literature, a useful interpretative basis is
provided by the works of Dudek et al. concerning the de-
sign and testing of PEMFC stacks, operation in hybrid
systems, air cooling and response to variable load [11-13].
From the naval-vessel perspective, important references
also include studies on dynamic loads of propulsion sys-
tems [43], water content in fuels and lubricating oils of
marine engines [42], and corrosion problems in shore-to-
ship connections [25].
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Fig. 1. Environmental factors affecting the propulsion system components

The aim of this paper is to assess the impact of seasonal
environmental conditions on the PEMFC/BOP components
of a ship hybrid propulsion system under Baltic Sea condi-
tions, with reference to North Sea scenarios. A parametric
approach was adopted, including eight Baltic scenarios and
two North Sea scenarios. In addition, for comparison,
a scenario with an environmental protection package was
included. The analysis covers four seasons, two exposure
levels and mechanisms linking temperature, humidity, chlo-
ride deposition and sea state with condensation, first-year
corrosion loss, electrochemical loading of the PEMFC/BOP
section and dynamic response.

2. Theoretical foundations and state of research

2.1. PEMFC/BOP in marine hybrid systems

PEMFCs are attractive for shipping because of their
high conversion efficiency, low local emissions, modularity
and ability to cooperate with batteries and conventional
energy sources. In marine practice, however, the stack itself
is not an autonomous power source. Its operation depends
on the BOP, which includes hydrogen and air preparation,
cooling, humidification, water separation, filtration, sen-
sors, fittings, control and protection systems. Environmen-
tal qualification should therefore cover both the electro-
chemical section and the auxiliary elements and their con-
nections [5, 10, 27, 32, 39, 41].

Available studies on hybrid systems indicate that the
main implementation barriers are durability, cost, safety,
integration with energy storage, control strategy and relia-
bility under variable operating conditions [10, 33, 39, 41].
In a hybrid system, the PEMFC is usually not the only
power source but rather an element that cooperates with
batteries and power converters. This architecture reduces
abrupt changes in stack load, but it increases the importance
of proper BOP operation.

2.2. The impact of the humid-salt environment

The marine environment affects PEMFC/BOP systems
primarily through the combined effects of moisture and salt.
Marine aerosol can deposit on the surfaces of enclosures,
connectors, air ducts and filtration elements. After dissolv-
ing in water, it creates conditions promoting corrosion and
electrical leakage. In the electrochemical part, salt ions can

affect the bipolar plates, the gas diffusion layer, the catalyst
layer and the membrane, causing performance losses or
increasing charge and mass transport resistances [28, 40].

The work by Li et al. systematizes the mechanisms by
which salt spray affects PEMFCs and indicates that chlo-
rides and other salt ions should be considered not only as
corrosion agents but also as sources of internal stack con-
tamination [28]. The experimental study by Wen et al.
confirms that NaCl contamination can penetrate the mem-
brane-electrode assembly and deteriorate performance un-
der simulated salt-spray conditions [40]. For this reason, the
present study separates the corrosion block, based on chlo-
ride deposition, from the PEM block, based on membrane
hydration and electrochemical losses.

Condensation is another factor influencing system oper-
ation. Even at moderate salinity, a local exceedance of the
dew point may cause prolonged wetting of connectors,
cables, enclosures and air ducts. 1ISO 9223 addresses this
aspect through the concept of time of wetness and atmos-
pheric corrosivity classification, whereas 1SO 9225 links
assessment to measurements of environmental parameters,
including chloride deposition Sy [20, 22]. This logic was
used in the present analysis by adopting S4 as a scenario-
based measure of chloride load.

2.3. Ship performance profiles and FC stack durability

The second group of factors comprises ship propulsion
system load profiles. Unlike many stationary applications, a
ship system operates with variable power demand, transi-
tions between states, long periods of part load and potential
shutdowns. Broer, Polinder and van Biert emphasize that
PEMFC degradation in ships results from a combination of
typical electrochemical mechanisms and marine-specific
factors such as air salinity, ship motions, vibrations and
load profiles [8].

Durability studies using ship operating profiles show
that classical test protocols do not always represent real
marine excitations. Choi et al. proposed a PEMFC durabil-
ity test based on a ship operating profile, whereas McCay et
al. tested a PEMFC stack for 1500 h under maritime-
relevant conditions, distinguishing between reversible and
irreversible degradation [9, 30]. Similarly, Tamburello et al.
indicate that durability protocols should be tailored to the
specific transport application because identifying the domi-
nant stressors is a prerequisite for reliable lifetime assess-
ment [38].

In special applications such as air-independent propul-
sion, additional stressors arise: high oxygen activity, longer
dwell periods at high voltage, humidity and pressure transi-
tions. Lim et al. show that such conditions may lead to
MEA (membrane electrode assembly) failure modes that
differ from those typical of land-based applications [29].

2.4. Validation and the research gap

Validation of environmental models requires combining
environmental measurements with electrochemical and
material diagnostics. The literature emphasizes the im-
portance of polarization curves, EIS (electrochemical im-
pedance spectroscopy), high-frequency resistance meas-
urements, assessment of catalyst layers, membranes and
bipolar plates, and post-mortem analyses [4, 28, 30, 40].
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Bampaou et al. indicate that post-operation analysis enables
the distinction between catalyst-layer degradation, mem-
brane damage and the effects of contaminants. It is there-
fore a natural complement to bench tests [4].

The literature describes marine PEMFC architectures,
salt-spray exposure, ship operating profiles, stack degrada-
tion and diagnostic methods mainly as separate issues. How-
ever, few studies integrate seasonal variations in temperature
and humidity, condensation, chloride deposition, corrosion,
electrochemical loading and mounting dynamics into a single
framework. This study partially addresses this gap for spe-
cial-purpose vessels. The proposed approach should be re-
garded as a preliminary qualification tool rather than a vali-
dated lifetime prediction model. Studies on marine PEMFC
applications support the environmental interpretation, where-
as standards and classical works on dew point, atmospheric
corrosion, membrane conductivity, electrochemical kinetics
and dynamic response provide the methodological basis for
the individual modules, but do not directly validate the com-
plete framework under marine conditions.

3. Environment model and methodology

3.1. Environmental conditions

The Baltic Sea is a brackish sea with a strong salinity
gradient. According to HELCOM, surface salinity decreas-
es from approximately 15-18 PSU at the entrance through
the Sound to 7-8 PSU in the Baltic Proper and 0-2 PSU in
the northern and eastern parts of the basin [17]. For the
purposes of the present analysis, two representative Baltic
levels were adopted: a coastal variant of 5.0-5.5 PSU and
an open-sea variant of 7.0-7.2 PSU. The North Sea, consid-
ered in two scenarios, was adopted as a high-salinity refer-
ence environment (34.5 PSU).

The seasonal variability of the Baltic Sea temperature is
as important as its brackish character. According to the
literature, surface water temperature in the open Baltic Sea
usually ranges from 15 to 20°C in summer, whereas in mid-
winter it falls slightly below 0°C [23]. Maximum ice cover
usually occurs between January and March, and in severe
winters, ice may extend far to the south [15]. This means
that environmental qualification cannot rely on a single
"average" marine case.

The importance of ambient temperature as a factor con-
trolling transient processes is also confirmed by the work of
Zimakowska-Laskowska et al., which shows a clear influ-
ence of thermal conditions on the cold-start phase [45].
Although that study concerns an internal combustion en-
gine, its methodological meaning is useful here: at low
temperatures, material condition, heating rate, local con-
densation and the transient moisture distribution in the
machinery space should be assessed separately.

In the dynamic approach, two variants based on litera-
ture data were adopted. First, HELCOM observational data
show that in the northern part of the Baltic Proper, a signif-
icant wave height of 7.8 m was recorded, while in the west-
ern part of this basin, strong summer storms can raise H to
about 4.1 m [18]. Second, the event-based analysis by FMI
(Finnish Meteorological Institute) indicates that in winter,
in larger Baltic sub-basins, exceedance of Hg = 2.5 m oc-
curs on average once a week, and exceedances of 4 m in the

Baltic Proper occur on average 1-2 times per month in
winter [7]. Therefore, the analyzed scenarios include sea
states 0—7 and wind speeds of 0-28 m/s.

The RH (relative humidity) value was taken as the rela-
tive humidity of the local air in the compartment near the
analyzed component, corresponding to the temperature
Tairloc = Tioc- It is not the external air humidity directly,
but a scenario parameter describing the local thermal-
moisture conditions around the device.

The dynamic and partly probabilistic approach is also
consistent with the conclusions of Andrych-Zalewska et al.,
who showed that in propulsion systems operating outside
steady-state conditions, operating parameters exhibit
a clearly variable and partly random character [2, 3]. In
a shipboard application, the hull is excited in six degrees of
freedom (6DOF): surge, sway, heave, roll, pitch and yaw.
Wind and sea state, therefore, generate not only wave-
induced motions and accelerations, but also transient heel,
rolling and pitching moments, vibrations of mounted
equipment and fluctuating loads in connectors, brackets and
auxiliary units. In the proposed model, this logic was ex-
tended to environmental excitations: wind and sea state are
not treated as single numbers but as inputs that lead to mo-
tions, accelerations and mounting response.

Table 1. Literature basis for the Baltic environmental ranges

Range Literature basis Use in the model
Baltic Sea | 15-18 PSU at the entrance, 7- | Two levels were adopted:
salinity 8 PSU in the Baltic Proper, 5.0-5.5 PSU (coastal

and 0-2 PSU in the northern | variant) and 7.0-7.2 PSU
and eastern parts [17]. (open Baltic).

Water In summer, usually 15-20°C | T,, from —0.5 to 20°C was

temperature | in the open Baltic Sea. In used in the scenarios.
mid-winter, slightly below
0°C [23].

Ice season | Maximum ice cover usually | This justifies the BW-
occurs in January-March. In | COLD case and range
severe winters, ice may Tamp = —20°C.
extend far to the south [15].

Waves and | H values up to 7.8 m were Sea states 1-6 were intro-

storms observed in the Baltic Proper. | duced in the scenarios and
Summer storms can produce | 07 in the additional
H, of about 4.1 m [18]. analysis.

Frequency | In winter, Hg > 2.5 m occurs | The importance of the

of wave about once a week in larger | winter open-sea variant

events sub-basins. Hg >4 m occurs | was therefore increased.
1-2 times per month in the
Baltic Proper [7].

Sea-state WMO Code 3700: states 3-7 | Mid-range Hy values were

scale correspond to Hg = 0.5-9 m | used to translate sea state
[31]. into vessel motions.

Based on the above range of conditions, 11 scenarios
were defined. Eight of them concern the Baltic Sea and in-
clude four seasons and two exposure levels (coastal and
open-sea variants). Two North Sea scenarios were retained as
references with high chloride loading. One scenario, BW-
MIT, represents the same environmental case as BW-
STORM, but after implementation of a protection package:
dehumidification, aerosol filtration, local heating, controlled
humidification of the PEMFC/BOP section and modified
dynamic tuning of the mounting. This enables comparison of
the environmental influence on hybrid-system operation both
with and without protective measures.
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Table 2. Input data for model scenarios

ID Short description Season Tamp [°C] Tw [°C] RH [%)] Sq [mg/(m?-d)] U10 [m/s] | Sea state

Coastal Baltic,

BW-COLD winter, cold stand- win. -20 -0.5 75 8 6 1
still

BW-STORM | OPen Baltic, winter win. 10 1.0 90 120 22 6
storm

BS-COAsT | Coastal Baltic, spr. 4 40 78 15 7 2
spring

BS-OPEN Open Baltic, spr. 6 5.0 82 45 12 4
spring

BL-COAsT | Coastal Baltic, hot sum. 25 20,0 76 12 5 2
summer

BL-OPEN Open Baltic, humid sum. 22 18.0 85 55 12 4
summer

BA-COAST | Coastal Baltic, aut. 10 12.0 88 25 10 3
autumn

BA-STORM | QPen Baltic, autumn aut. 8 10.0 94 110 18 5

NP-SUM North Sea offshore, sum. 18 14.0 90 380 15 5
summer

NP-WIN North Sea offshore, win. 6 6.0 9 650 20 6
winter
BW-STORM with .

BW-MIT protection package win. -10 1.0 60 15 22 6

Note: T, denotes ambient temperature outside the hull, T,, denotes water temperature, RH is the relative humidity of local air in the compartment

near the analyzed component, Sy is the annual chloride deposition rate according to the ISO 9223/9225 logic, and U10 is wind speed at 10 m above the

sea surface.

The mean daily deposition rate Sy is not a measurement
made on the vessel, but a scenario value consistent with the
ISO 9223/9225 classification logic. In the adopted scenario
set, values of 8-55 mg/(m?-d) correspond to class S1, val-
ues of 110-120 mg/(m?-d) to class S2, and the North Sea
scenarios of 380-650 mg/(m?-d) to class S3 [20, 22].

3.2. Computational model

The proposed model is comparative in nature. The four
modules comprising the model were selected based on their
established physical or normative foundations, the availa-
bility of input data, and their ability to provide comparable
scalar outputs. The modules describe, respectively, conden-
sation risk, first-year atmospheric corrosion according to
ISO 9223, PEMFC electrochemical losses, and the dynamic
response to wave-induced excitation. They share a common
scenario definition but remain physically independent.
Their outputs are combined only after being normalized to
dimensionless form. Therefore, the proposed framework
constitutes a unidirectional comparative assessment rather
than a fully coupled multiphysics model.

To assess condensation conditions, the local air temper-
ature in the immediate vicinity of the device was described
by the parameter T,.. The component surface temperature
Tsure Was determined from a steady one-node heat balance,
which includes heat exchange with the local air in the com-
partment, ambient air, seawater and the internal heat source
Qop. In this formulation, the influence of reference tem-
peratures follows directly from the equivalent thermal con-
ductances h;A;, whereas the influence of device operation is
explicitly included through the source term Qop [17, 23, 36,
45].

he-AcTioc + ha'Aa-Tamp + hw'Aw Tw + Qop
he'Ac +ha'Ag + hy Ay

)

Tsurf =

where: Ty, ¢ — COmponent surface temperature [°C], Tjoc —
local air temperature in the compartment near the compo-
nent [°C], Tymp — ambient air temperature [°C], T,, — sea-
water temperature, h, — heat-transfer coefficient between
the surface and the local air in the compartment [W/
(m?K)], h, — heat-transfer coefficient between the surface
and ambient air[W/(m?K)], h,, — heat-transfer coefficient
between the surface and water, e.g. through the hull
[W/(m?K)], A, A,, A, — effective heat-transfer areas for
the respective heat-exchange paths [m?].

The dew point was determined using the Magnus equa-
tion in the Alduchov-Eskridge approximation [1]:

_ 2Tairloc RH.
(T, RH) = b+Tairloc + ln(100) (2
Toew = 1, a = 17.62, b = 243.12°C 3)

The condensation margin was defined as AT = Tgy s —
Tgew (dew point). A negative value indicates conditions
favourable for moisture condensation on the coldest surfac-
es. In addition, on an annual or seasonal basis, the time of
wetness can be described according to 1SO 9223 as:

T = t(RH > 80%, T > 0°C) (4)

The lack of information on the temporal variability of
RH and T made it impossible to determine tau in hours per
year. In this paper, tau is treated as an indicator for future
monitoring, whereas the scenario comparison is based on
the condensation margin AT.

Chloride loading was determined from literature-based
data. The annual chloride deposition rate Sy [mg/(m?-d)]
was adopted as the input variable in accordance with the
ISO 9223/9225 logic and atmospheric salinity classes SO-
S3 [20, 22]. In this way, the environment was separated
from the material corrosion response.
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In practice, this means that the model directly selects the
Sq level rather than using an intermediate multiplier based
on salinity, wind and sea state. The corrosion part was
based directly on the 1SO 9223 dose-response function for
carbon steel [20].

The 1SO 9223 dose-response function enables determi-
nation of the first-year corrosion loss of carbon steel, ex-
pressed in pm/year. In this study, these values are presented
in mm/year after conversion according to the following
relationship:

_ Tcorr,um
rcorr,mm - 1000 (5)

It should be emphasized that the obtained result is not
a prediction of long-term durability. Such extrapolation
would require the relationships described in I1SO 9224 or
validation under real exposure conditions [20, 21].

The relationship defining the corrosion loss has the
form:

Teorr =
1.77 P52 exp(0.020-RH+fg,) +
+ 0.102 S3%?exp(0.033-RH+0.040-T, 1) (6)

where the temperature function is defined as:

(- { 0,150 (Tymy = 10),  for Tymy < 10°C )
St = 1=0,054 (Typ — 10), for Ty > 10°C

In the above relationships, Py denotes sulfur dioxide
(SO2) deposition [mg/(m?-d)]. In the calculations, Py =
5 mg/(m?-d) was assumed for the Baltic scenarios and BW-
MIT, and Py = 6 mg/(m?-d) for the North Sea scenarios.

To represent the influence of water vapour on the opera-
tion of the PEMFC and its auxiliary systems (BOP), a clas-
sical relationship chain was adopted: water activity a,,
determines the membrane water content A, which in turn
affects proton conductivity o, and, consequently, ohmic
losses 1q. Activation losses described by the Tafel equation
were also included [5, 6, 26, 32, 37]. As a first approxima-
tion, a,, = RH/100 was assumed, except for the BW-MIT
variant, in which controlled humidification of the gas path
was taken into account.

The membrane water content was determined using the
empirical relationship:

A(a,,) = 0.043 + 17.81-a,, — 39.85-a%, + 36.0-a3, (8)
whereas proton conductivity was described by:

1 1

om=(0.005139%—0.00326)-exp[1268-(303 Tmem)] 9)

Ohmic losses were determined from:

0
ng = -2 (10)

Om

where: ng — ohmic loss (voltage drop caused by conduction
resistance) [V], i — operating current density [A/cm?], 1, —
membrane thickness [cm], o, — membrane proton conduc-
tivity [S/cm].

The additional activation loss was written in the classi-
cal Tafel form:

where: 1, — activation loss [V], R — universal gas constant
R =8,314]/(mol - K), Tpem — membrane temperature [K],
o — charge-transfer coefficient [-], n — number of electrons
involved in the reaction [-], F — Faraday constant F =
96485 C/mol, i — operating current density [A/em?], iy —
exchange current density [A/cm?].

The following parameter values were assumed in the
calculations: Tpem = 333.15K, i=0.35A/cm?, 1, =
125um, a = 0.5, n = 2, i, = 1-107% A/cm?. In the pre-
sented formulation, the activation loss 1, is a reference
component for the adopted constant values of i, iy, «, n and
Tmem- The scenario variability of the total electrochemical
losses ng + Mnace results mainly from changes in effective
water activity a,, g, membrane water content A and con-
ductivity o,.

The influence of salt aerosol on kinetic parameters(i,)
and transport parameters (o,,) was not included directly in
this model and requires separate experimental calibration
based on electrochemical impedance spectroscopy (EIS)
and polarization-curve analysis.

As a result, the electrochemical load was represented by
the sum of losses ng + M., rather than by a separate con-
tamination index for the PEMFC/BOP section. This ap-
proach enables distinguishing the influence of a humid-salt
environment from the effects of insufficient hydration in
the PEMFC/BOP system.

The dynamic part of the model was based on a classical
seakeeping analysis chain, in which wave parameters, i.e.
significant wave height Hg and zero-crossing period T,,
provide input data for constructing the wave spectrum.
Then, through transformation to encounter frequency and
the use of a response amplitude operator (RAO), the system
response spectrum was obtained, from which the root mean
square acceleration a.,; was calculated.

In accordance with ITTC recommendations for fetch-
limited basins, which include the Baltic Sea, the JON-
SWAP spectrum was applied [16, 24] and described by the
following relationship:

4

S;(w) = ag?w™° exp [—1,25 (%) ]yr (12)
_1\2

r = exp {— (m/(;+1)} (13)

where: S;(w) — wave energy density spectrum (free-surface
spectrum) [m*:s], w — wave angular frequency [rad/s], w, —
angular frequency corresponding to the spectral maximum
(peak frequency) [rad/s], o— spectrum scaling coefficient
(wave-energy parameter), g — gravitational acceleration, y —
JONSWAP peak enhancement factor [-], r — peak-shape
2
- (m/‘:—pz_l)} o — peak-width
(o)
parameter (usually taken as 0.07 for w < w, and 0.09 for
w > wp).
For a vessel moving at non-zero speed, the wave spec-
trum should be transformed into the frequency domain
observed on the vessel, i.e. encounter frequency:

function defined as: r = exp{

RT . We =W (1 - V—wcosu) (14)
Nact = —=r-1n (_) (11) 8
anF ig
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Sx(we) =l RAO(we) |2 SZ(we): Sa((*)e) =

= CIL)gsx((’oe)"?‘rms = (f Sa(we) dme)l/z (15)

In this analysis, standstill or low manoeuvring speeds
were assumed, which allows the simplification V =~ 0 and
we = w. The applied RAO is reduced in nature and is used
only for scenario comparison. Full identification of the
dynamic response would require detailed hydrodynamic
calculations of the vessel hull or measured vessel-motion
data.

In addition, the mounting response was described by the
auxiliary transmissibility:

_ 14(20r)2
T = [(1—r2)2+(zzr)2]

v r = Zdom (16)
Wn

where { denotes the damping ratio and w,is the natural

frequency of the system.

The results of vessel-motion analysis are presented us-
ing the root mean square acceleration a,.s, Whereas the
mounting response is assessed using the mounting trans-
missibility T;.

The final scenario assessment was carried out using the
proposed decision metric:

R*=030C"+ 030K +0.20E*+0.20D* (17

where C*, K*, E* and D* denote the normalized values of
condensation deficit, first-year corrosion loss, additional
electrochemical load of the PEMFC/BOP section and dy-
namic response, respectively.

The following reference values were used for normali-
zation (Table 3).

To limit the influence of extreme values, all normalized
components were constrained to the interval [0, 1].

The baseline weights were not estimated from failure
statistics and are not treated as universal material constants.
They implement a transparent two-level prioritization;
condensation and corrosion receive 0.30 each because they
represent direct surface-wetting and material-loss mecha-
nisms, whereas electrochemical and dynamic responses
receive 0.20 each because their functional consequences
depend more strongly on the operating point and compo-
nent configuration. To prevent the ranking from depending
on a single expert-selected vector, each weight was varied
independently by +0.10, and the vector was then renormal-
ized to unity in 5000 draws. The scientific interpretation is
therefore based on the stability of the ranking over the ad-
missible weight domain rather than on the exact values of
one weight set. Once bench-test and operational data be-
come available, the weights should be re-estimated using
statistical or multicriteria calibration.

It should be emphasized that equation (17) is a decision
metric for comparing scenarios. The quantity R* should not
be interpreted as a probability of failure.

The scenario comparison and ranking (Fig. 2) constitute
the final element of the model, whereas its physical part is
based on established relationships in the literature [1, 5, 6,
16, 19-22, 24, 26, 32, 37].

The model is a parametric ranking tool, and its core has
a literature basis: heat balance and dew point [1, 17, 23, 36,
45], the 1SO 9223/9224 dose-response function [20, 21], the
Springer relations and the Tafel equation [5, 6, 26, 32, 37],
and JONSWAP/ITTC with RAO [16, 19, 24]. The model
ultimately constructs the decision metric R*, while uncer-
tainty arises mainly from the adopted scenario assumptions
and the simplifications used to represent real operating
conditions.

Table 3. Reference values used for normalization

Symbol Physical quantity Meaning Normalization method Reference value
Cc* Condensation deficit AT Describes the tendency to moisture max(0, —AT
condensation. Negative values indicate C* = min (7 1) 6°C
conditions favourable for condensation. 6
K* i Intensity of the corrosive environmental . . (T
Corrosion 10sS r¢gpr y i K = mm( corr 1) 0.18 mmiyear
effect (first-year corrosion loss). 0.18
E* Excess electrochemical losses An | Additional PEMFC/BOP load relative to . (An
E* =min|—,1 120 mV
the reference case. 120
D* Dynamic respon Level of dynamic excitation acting on the . . (2
ynamic response a s Vi g D" = mm( rms 1) 3.0 m/s?
system. 3
Thermal balance and condensation
Tosctoe ™ Teomp
Tt = (T soor Teompr Tamsn Qop)
v
Dew point — Magnus/Alduchov-Eskridge
Environmental scenario inputs AJ“U;'Q,W;”L;“I T
Coastal Baltic Sea / Open Sea c ;
Bchorth Sea refecence Corrosion — ISO 9223 dose-response S s
(First-year corrosion loss) K* — first-year corrosion loss
Tambr Twr Sai RH, seastate Sq+pa+ RH+T = e E* — electrochemical load
(wind, waves, current, etc.) 9224 used for mult t D* — dynamic response
— R* — decision metric
PEMFC / BOP electrochemistry
Springer + Tafel
a, = A= q—=m=—ng
Naet = Ngee + Ng + Mgy
Dynamics — JONSWAP — RAO — S,(w) = @,y
H,, T, - JONSWAP
— RAO — S, (w) = Gy
fastening: T(r, {)
Fig. 2. Computational framework and decision metric
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Table 4. Main uncertainty sources and working ranges

Model block Main parameters/equations Uncertainty and working range Dominant influence
Heat balance and con- Teomps Ne * A, hy * Ay, by, - Ay, Tsurf £ 2°C, RH+ 5 p.p. condensation margin AT
densation RH

Chloride deposition Sy S4, SO-S3 class, exposure scenario

seasonal variability, Sy + 25 — 40%

1SO 9223 corrosion block

1SO 9223 corrosion Py, Sq,RH, T

first-year corrosion loss. Not directly applicable to
long-term durability

material-part ranking

PEM Springer/Tafel Ayeft M O, 1o

ay £ 0,05, Iy  10%, ipx/+2

Na + Nace> @and assessment
of the PEM/BOP section

JONSWAP/RAOQ dy-
namics

TZ! HS’ fn! (

highest sensitivity at the dominant response frequen-
cy and when changing mounting tuning

a.ms and position relative
to resonance

Decision metric W, Wk, WE, Wp

expert selection (each weight +/-0.10)

R* ranking

The ranges presented in Table 4 are indicative and are
used to assess model sensitivity. They should not be treated
as confidence intervals. The model shows the highest sensi-
tivity near limiting values, i.e. for AT = 0°C, at transitions
between S; classes and near the dominant dynamic-
response frequency. This means that, in these regions, even
small changes in input parameters may lead to a clear
change in the result. Therefore, the interpretation of results
should be based primarily on trend analysis and on the
assessment of safety margins.

4. Results

4.1. Temperature cases

The influence of seasonal variability in environmental
conditions on the model results is presented below. The
analysis was carried out for four characteristic temperature
cases corresponding to winter, spring, summer and autumn.
The results shown in Fig. 3 indicate that accounting for
seasonality enables separation of two important mecha-
nisms: the risk of moisture condensation and the effect of
humidity conditions on PEMFC membrane hydration.

The BW-COLD variant retains a positive condensation
margin of AT = 1.8°C, despite the ambient temperature
falling to —20°C. This means that low temperatures, com-
bined with low air humidity, do not necessarily lead to
condensation on the coldest surfaces. At the same time, the
same variant is unfavourable from the membrane-operation

Seasonal input envelope
T " T T T

25

Temperature [°C]

S @ &
«QQ = Q,&\ $@\
s & X S

point of view, because dry conditions reduce its hydration
and translate into higher electrochemical losses ng + Nact-

The most unfavourable Baltic case with respect to con-
densation is BW-STORM, for which AT = —4.8°C was
obtained. The negative condensation margin indicates condi-
tions conducive to moisture deposition on the coldest surfac-
es. In the entire analyzed set, the highest material-moisture
load occurs in the NP-WIN scenario, for which AT =
—3.3°C together with much higher chloride deposition Sy.

The BA-STORM variant is a transitional but still de-
manding case because it combines a small condensation
deficit with a high wetting level and an unfavourable sea
state. In turn, BL-OPEN does not exhibit a clear condensa-
tion deficit but remains close to the condensation boundary.
This means that summer conditions should not automatical-
ly be treated as safe, especially when high humidity, salt
aerosol and dynamic effects occur simultaneously.

The analysis also included the influence of marine salt
on the system under investigation. Figure 4 compares three
key environmental loads: chloride deposition Sq4, corrosion
loss 1o+ and electrochemical losses ng + M., Showing
their different effects on the analyzed propulsion system.
The highest chloride loading occurs in the North Sea sce-
narios: NP-SUM (S4 = 380 mg/(m?-d)) and NP-WIN
(650 mg/(m?-d)). In the Baltic Sea, the highest values were
adopted for BW-STORM (120 mg/(m*d)) and BA-
STORM (110 mg/(m?-d)), which is consistent with open-
sea exposure and storm episodes.

Local air, dew point, and surface temperature
T T T T T T T

30

.
—— T
25 |
20 F
5
o 157
=
©
2
g 10
()
K
sl i
0
WB/
R N R S T
& O F O o & KO 2 2\
W ) o SN O A X g
< ®$ & 3 Y X &

Fig. 3. Seasonal thermal and condensation results AT
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Fig. 4. Environmental and electrochemical response of the analysed scenarios: a) chloride deposition, b) first-year corrosion loss, c) PEMFC/BOP electro-
chemical load
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Fig. 5. Dynamic response and mounting transmissibility

After applying the ISO 9223 relationships, the highest
first-year corrosion losses were obtained for the North Sea
scenarios, i.e. NP-WIN (r.,. = 0.245 mm/year) and NP-
SUM (reor = 0.192 mm/year). Within the Baltic Sea, the
most unfavourable material case is BA-STORM (0.095
mm/year), slightly ahead of BW-STORM (0.085 mm/year).
These results are clear to interpret because the corrosion
module is based directly on the environmental parameters
Sa, Py, RH and T, without additional arbitrary coefficients.
Consequently, the relationships obtained directly link
changes in environmental parameters with the intensity of
COrrosion processes.

The part related to PEMFC/BOP operation exhibits
a different behaviour. The highest values of total electro-
chemical losses ng + 1, Were obtained for BW-COLD
(471.7 mV) and BL-COAST (468.2 mV), i.e. for relatively
low-humidity cases rather than for scenarios with the high-
est chloride loading. This indicates that separating the mod-
els reveals two distinct risk mechanisms: a humid-salt envi-
ronment intensifies corrosion, whereas overly dry condi-
tions lead to insufficient membrane hydration and increase
the electrochemical load on the PEMFC/BOP section.

4.2. Influence of waves

This subsection analyzes the influence of wave condi-
tions on the system's dynamic response, considering the
progression from the wave spectrum to the loads acting on
the mounting. Figure 5 shows that, after applying the calcu-
lation algorithm consisting of the JONSWAP spectrum, the
RAO response operator and mounting parameters, the sys-
tem dynamic response can be clearly characterized by the
root mean square acceleration a,,s, Whereas the transmis-
sibility T, acts as an interpretative indicator of the system
position relative to the resonance region. For the baseline
mounting settings, T, values fall within the narrow range of
1.04-1.06, which indicates no significant amplification by
the isolator itself. Consequently, the dynamic load level is
determined primarily by the hull response spectrum.

The highest a,,,s values were obtained for BW-STORM
(2.22 m/s?) and NP-WIN (1.99 m/s?), whereas BA-STORM
(1.92 m/s?) corresponds to the second, autumn maximum of
dynamic loads. Changing the mounting tuning in BW-MIT
leads to a significant reduction in dynamic response, ex-
pressed by a decrease in as to 0.74 m/s? and a simultane-
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ous reduction of transmissibility to T, = 1.01, indicating
that the system has moved away from resonance conditions.

Based on the obtained results, the sea state should first
be represented as a wave spectrum and the corresponding
structural response spectrum, and only then be transformed
into loads acting on the mounting system. This approach
better reflects the physical mechanism of dynamic-load
generation than a direct transition from the sea-state scale to
a single assessment indicator.

4.3 Decision metric and scenario ranking

The analysis includes an integrated assessment of the
scenarios using the R* metric, which accounts for four
main factors: condensation, first-year corrosion loss, elec-
trochemical loading of the PEMFC/BOP section and system
dynamic response.

The results presented in Fig. 6 and Table 5 show that the
most unfavourable scenarios are not caused by a single
factor but by the simultaneous overlap of several environ-
mental mechanisms. The highest index value in the whole
analyzed set was obtained for NP-WIN (R* = 0.60), where-
as among the Baltic scenarios the highest load level was
reached by BW-STORM (R* = 0.55). The next Baltic case
is BA-STORM (R* = 0.30), while BS-OPEN and BL-
OPEN form a moderate class, with R* = 0.25 and R* =
0.28, respectively.

Introducing the BW-MIT variant leads to a substantial
reduction in load relative to BW-STORM. The R* metric
decreases by 86.5%, corrosion 10SS r¢q by 79.5%, the sum
of electrochemical losses ng + Naee by 2.4%, and the dy-
namic response a,ns by 66.5%. The results indicate that,
after separating the PEMFC/BOP model from the chloride
indicator, the protection package acts primarily by eliminat-
ing condensation-favouring conditions, reducing chloride
deposition and decreasing the dynamic response of the
system.

The reported values are relative outputs of the scenario
model and apply only to the adopted inputs and assump-
tions. They do not represent failure probabilities, certifica-
tion thresholds or lifetime predictions. The ranking is in-

tended solely for prioritization and requires validation be-
fore application to other vessels or exposure conditions.

The small improvement in electrochemical load results
from the assumption of controlled humidification of the
PEMFC/BOP section in BW-MIT. This means that the
effectiveness of this variant is not related solely to reducing
the humid-salt environmental impact, but also to improving
membrane operating conditions and obtaining a more fa-
vourable dynamic-response configuration.

BV/-COLD "
BV/-STORM
BS-COAST
BS-OPEN
BL-COAST
BL-OPEN
BA-COAST
BA-STORM
NP-SUM 0.00 i ‘ 061 -
NP-WIN

BV/-MIT 0.0

Fig. 6. Normalized components and final decision metric R*

Relative classes were introduced solely for within-study
interpretation: low for R* < 0.20, moderate for 0.20 <
R* < 0.40, high for 0.40 < R* < 0.55, and very high for
R* > 0.55. These classes are not reliability or failure-
probability categories.

4.4 Sensitivity test of the R* index weights

Because of the adopted choice of weights used in equa-
tion (17), a sensitivity analysis of the R* metric was per-
formed. For this purpose, 5000 variants of the weight vector
were generated within +0.10 of the baseline values [0.30;
0.30; 0.20; 0.20], and each set was then normalized so that
the sum of weights was equal to one. The calculations were
performed for the previously determined components C*,
K*, E* and D*.

Table 5. Scenario results and R* ranking

ID Toew [°C] | o [°C] | AT[°C] gy | Teorr Immiyear] | i | dem | R Relative
BW-COLD -3.9 2.1 1.8 8 0.008 471.7 0.04 0.11 low
BW-STORM 10.4 5.6 -4.8 120 0.085 428.5 2.22 0.55 very high
BS-COAST 6.3 9.1 2.8 15 0.030 461.4 0.51 0.16 low
BS-OPEN 9.0 10.4 1.4 45 0.045 449.0 1.82 0.25 moderate
BL-COAST 22.4 26.9 45 12 0.025 468.2 0.47 0.16 low
BL-OPEN 26.2 26.3 0.0 55 0.073 440.6 1.82 0.28 moderate
BA-COAST 13.0 15.1 2.1 25 0.043 433.1 1.20 0.18 low
BA-STORM 13.0 12.9 -0.1 110 0.095 420.3 1.92 0.30 moderate
NP-SUM 18.3 19.3 1.0 380 0.192 428.5 1.83 0.44 high
NP-WIN 114 8.1 -3.3 650 0.245 416.6 1.99 0.60 very high
BW-MIT 8.2 12.2 4.0 15 0.017 418.4 0.74 0.08 low
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The aim of the analysis was not to identify a single op-
timal set of weights, but to assess the stability of the scenar-
io ranking under changes in the adopted weighting assump-
tions. This approach makes it possible to check whether the
obtained scenario ranking results from real differences
between cases or is strongly dependent on arbitrary weight
selection in the decision metric.

e Median
Baseline value

NP-WIN

BW-STORM

NP-SUM ———

BA-STORM

BL-OPEN —_—

BS-OPEN _—

BA-COAST _

85-COAST _—

BL-COAST e

BW-COLD ——

BW-MIT bl
01 02 03 04 05 06

Fig. 7. Sensitivity of R* to the choice of weights

Figure 7 shows that the range of R* variability remains
limited and that the scenario ranking is stable. NP-WIN
retains the highest R* values in the whole set, whereas BW-
STORM remains the most unfavourable Baltic scenario.
Additional frequency analysis showed that NP-WIN ranked
first globally in 91.2% of draws, and BW-STORM ranked
first among Baltic scenarios in 100% of draws.

In summary, the adopted metric shows high robustness
to changes in the weighting assumptions, and the conclu-
sions are stable from an engineering-interpretation point of
view.

5. Discussion

5.1. Environmental loads and propulsion system
readiness

The results presented show that the Baltic Sea cannot be
treated solely as a milder equivalent of the North Sea. Alt-
hough the lower chloride deposition Sy reduces first-year
corrosion loss, a suitable combination of relative humidity
and sea state may cause open-Baltic conditions, especially
in winter, to generate a high level of total environmental
load. From the vessel's perspective, it is therefore important
not to rely on a single averaged environmental characteris-
tic, but to distinguish among coastal variants, open-sea
conditions, and storm episodes.

An important methodological element of the model is
the separation of salinity effects from the description of
PEMFC/BOP operation. In the adopted formulation, chlo-
ride deposition Sy acts directly on the 1SO 9223 corrosion
module, whereas the membrane section is described
through membrane hydration, proton conductivity and
activation losses. This approach avoids the need for poorly
calibrated intermediate indicators, and the impact of the
marine environment on the PEMFC/BOP section is inter-
preted primarily indirectly — through humidity conditions,
deposits in flow paths, the quality of working media and
degradation of BOP auxiliary-system elements.

A similar structuring was introduced in the dynamic part
of the model. Instead of directly linking the sea-state scale
with the risk level, the following classical calculation chain
was applied:

Hg, T, » JONSWAP spectrum — RAO — a ¢

whereas the mounting response was described using the
known transmissibility relationship T.(r, ¢) for base excita-
tion. This approach clearly separates the environmental
description from the object characteristics and thereby facil-
itates interpretation of the dynamic response.

The selected literature confirms the model's usefulness
for interpreting processes in the PEM section, particularly
transient phenomena and the influence of ambient tempera-
ture [2, 3, 11-13, 42-45]. At the same time, the model core
is based on standards and classical calculation relationships,
which increases its transparency, repeatability and potential
for independent verification.

From the propulsion-system operation perspective, the
key issue is translating the environmental-analysis results
into system functioning. Variants characterized by high
chloride deposition S4 and a negative condensation margin
do not only imply accelerated surface corrosion. In practice,
they may also reduce the readiness of the PEMFC/BOP
section to cover peak power demand, destabilize gas and air
preparation processes, increase the risk of measurement
errors and accelerate degradation of connectors and cables.
Conversely, variants with relatively low humidity, despite
limited corrosion effects, may increase electrochemical
losses g + Nace, Which reduces system efficiency without
a simultaneous increase in corrosion rate.

Table 6. Transfer of environmental mechanisms to propulsion function and
readiness

Environmental
mechanism
Condensation on
cold surfaces

Propulsion-system
element

Connectors,
harnesses, sen-
sors, air ducts
Enclosures, heat
exchangers, pipes,

Functional effect

Increased leakage cur-
rent, diagnostic errors
and longer start-up time
Loss of tightness, in-
creased flow resistance

Chloride deposition
and corrosion

BOP fittings and higher maintenance
demand
Unfavourable PEMFC stack and | Increase in ng + Nace,
membrane hydration | gas/air path voltage drop, limitation

and increased ohmic
resistance
Vibrations and

of auxiliary-source
power
Connection loosening,

Mountings, pow-

proximity to the
dominant response
frequency

er-electronics
cabinets, and
connectors

material fatigue, protec-
tion trips, reduced avail-
ability

This linkage indicates that the proposed ranking should
not be interpreted as an assessment of corrosion alone, but
rather as a preliminary tool for evaluating the propulsion
system's energy and maintenance readiness. In design prac-
tice, simultaneous monitoring of the four partial compo-
nents is recommended because the metric acts as a decision
indicator and not as a measure of failure probability.

5.2. Model assumptions, limitations and validation

The present framework is intended for preliminary
comparative qualification. The thermal block uses a steady
one-node balance and does not resolve spatial temperature
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gradients, transient heat storage or local airflow. The ISO
9223 module estimates first-year atmospheric corrosion
loss and does not directly represent long-term degradation,
splash-zone exposure or sheltered microclimates without
additional calibration.

The PEMFC module uses effective water activity as
a scenario variable and does not explicitly quantify salt-
induced changes in exchange current density, membrane
conductivity, catalyst-layer transport or BOP contamina-
tion. The dynamic module uses a reduced RAO and as-
sumes standstill or low manoeuvring speed. It therefore
does not replace vessel-specific six-degree-of-freedom
hydrodynamic and structural calculations. The R*metric has
not been calibrated against failure or maintenance data and
should be interpreted solely as a ranking tool.

Validation should combine onboard measurements of
local air temperature, relative humidity, surface temperature
and chloride deposition with cyclic salt-spray/RH-T test-
ing, polarization curves and EIS, and vibration tests driven
by measured vessel-motion spectra. Such data would allow
calibration of scenario inputs, verification of the individual
submodels and future data-based estimation of the
R*weights.

6. Conclusions
This study analyzed the influence of environmental

conditions on the operation of a hybrid propulsion system

across diverse operating scenarios. The approach made it
possible to assess thermal-moisture, corrosion, electro-
chemical and dynamic effects in a multi-variant framework.

The main conclusions are as follows:

1. Extending the Baltic analysis to four seasons and two
exposure levels makes it possible to distinguish dry,
humid and storm scenarios that are not captured by an
averaged approach.

2. Under Baltic conditions, the highest load level occurs
for BW-STORM (open Baltic, winter storm).

3. In the whole set, the highest index value is reached by
NP-WIN, whereas in the Baltic Sea another important
case is BA-STORM. This confirms the need to analyze
multiple scenarios rather than a single averaged case.

4. Low temperature does not automatically imply a high
condensation risk: BW-COLD retains a positive con-
densation margin AT, but at the same time it increases
electrochemical load because of insufficient hydration.

5. The maxima of corrosion loss and electrochemical loss-
es do not coincide: the humid-salt environment domi-
nates corrosion, whereas dry conditions deteriorate
membrane operation.

6. BW-MIT significantly reduces R*, confirming the ef-
fectiveness of dehumidification, filtration and mounting
tuning. The ranking remains stable despite changes in
the weights.

7. Further work should include Sy, measurements, salt-
spray tests, dynamic testing, EIS measurements and
CFD calculations, in order to partially validate the mod-
el.

The results indicate that the environmental load on the
system arises from the combined effects of several envi-
ronmental factors. Humid and saline conditions primarily
intensify corrosion processes, whereas dry conditions may
adversely affect the performance of the PEMFC/BOP sec-
tion. The analysis of protective measures across multiple
scenarios indicates the potential to reduce these loads and
identifies directions for further research and partial experi-
mental validation of the model.

The reported values should be interpreted as compara-
tive outputs of the scenario-based model rather than predic-
tions of component lifetime, reliability, or failure probabil-

ity.

Nomenclature

BOP balance of plant

EIS electrochemical impedance spectroscopy

FC fuel cell

FMI Finnish Meteorological Institute

HELCOM Helsinki Commission

ISO International Organization for Standardization
ITTC International Towing Tank Conference

JONSWAP Joint North Sea Wave Project wave spectrum

MEA membrane electrode assembly

PEM proton exchange membrane
PEMFC  proton exchange membrane fuel cell
PSU practical salinity unit

RAO response amplitude operator

RH relative humidity
SO: sulfur dioxide
WMO World Meteorological Organization
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