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Abstract

Hydrogen energy technology allows the production of electricity from hydrogen and backward
to store large amounts of energy by converting electricity into hydrogen, using a fuel cell, an
electrolyzer, and a hydrogen storage system. The fuel cell market is increasing, offering
components with improved converting performances; the expansion of this market and the
spread of hydrogen system applications are bringing down the industrial costs of such
technology offering new opportunities for commercial applications. This work concerns the
Polymer Electrolyte Membrane technology, giving a complete overview of opportunities and
problems that may arise from the employment of this type of system for maritime applications.
The starting point of the analysis follows a more theoretical approach. Performance and
degradation issues have been deeply investigated through thorough literature analysis, to issue
the main problematics that can appear in the real operation of the PEM fuel cell system. In this
context, a degradation map has been drawn, which can help the prediction of voltage
degradation linked to the poisoning of the cell components. Therefore, since the external
parameters that can influence the FC performance are highlighted, a statistical approach is
investigated to understand how the reactants' flow rates and the thermal control can affect the
performance. This has been possible thanks to the employment of the software Design Expert.
In the second part of the Thesis, a more experimental approach to the thematic of PEM fuel cell
systems for maritime applications is faced. This has been possible thanks to the test campaign
carried out on the HI-SEA system, a 240-kW system located in the IES Laboratory of the
University of Genoa (Savona Campus), made up of eight Polymer Membrane Fuel Cell modules
supplied by Nuvera. This is one of the few complete and existing real-size laboratories for the
assessment of PEMFC technology for maritime applications. The laboratory activities are part
of the collaboration between the University and Fincantieri, the main Italian shipbuilder. The
system has undergone a commissioning phase, which is accurately described, where previous
issues are analyzed, understood, and solved to optimize the control system. Therefore, despite
a prolonged inactivity time, the PEM fuel cell stacks have been reactivated thanks to a dedicated
and innovative procedure. Finally, the system is fully operative: the results of the whole system

operation confirm its suitability for operation in a ship-likely environment.
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1. Introduction

1.1.Background and Motivation

The current trends in energy supply are not sustainable, from the economic, environmental, and
social points of view. Green House Gases (GHG) emissions have been continuously growing
since the first industrial revolution, and even more stiffly since World War Il. Without taking
decisive action, GHG emissions are even foreseen to continue the current increasing trend and
be more than double 2019 values by 2050 [1]. Carbon dioxide is the most known gas found in
the exhaust flow from the use of fossil fuels for different purposes; its greenhouse potential
effect is lower than the one of other gases (such as methane), but it is usually taken as a reference
to measure the emission trends of the countries and the source fields. In fact, CO- is taken as a
reference in the assessment of the impact of other polluting gases on the greenhouse effect
through the Global Warming Potential (GWP), an important indicator of the environmental
impact of a given substance. It is the ratio between the impact caused by a gas in a given time,
compared to that caused in the same period by the same amount of carbon dioxide (CO-), which
IS the reference gas and therefore has a value of 1. The higher the value of the GWP index, the
greater the incidence of gas in global warming. As reported in Table 1, methane (CHa) has a
GWP index of 28; this means that the amount of methane released into the atmosphere is 28

times more polluting than the same amount of carbon dioxide (CO).

Table 1: GWP index computed on 100 years.

Substance | GWP100
CO2 1
CHa4 28
N20 265

CFC-11 4600
CFC-13 13900

The emission trends shown in Figure 1 describe the annual total CO. emissions divided by

world region from 1750 to 2019 [https://ourworldindata.org/].
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Figure 1: Annual total CO2 emissions by world region from 1750 to 2019 [https://ourworldindata.org/].

It is possible from Figure 1 to define — from the highest to the lowest — China, the United States
of America, and Europe as the biggest emitters when the local CO; emissions are considered.
Considering however that the production processes can be associated with goods destined for
exports, the consumption-based CO. emissions can be adjusted for trade, as represented in

Figure 2 [https://ourworldindata.org/]. In this case, it can be evidenced that Mongolia, North

America, and Saudi Arabia are associated with the largest per capita emissions.

No data 0t 1t 2.5t 5t 75t 10t 15t 20t >50 t
] | I

Figure 2: Per capita consumption-based CO2emissions in 2019 [https://ourworldindata.org/].

The main concern about the presence of GHG in the atmosphere is linked to their climate-
altering effect: anthropogenic emissions are indeed the cause of the temperature anomalies

measured across the globe, that have recently been rising in frequency and intensity.
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Figure 3: Increasing trend of the atmospheric CO2 concentration and monthly temperature anomalies registered from 1850
to 2018 [https://ourworldindata.org/].

From the Industrial Revolution to the present day, the world's energy needs have indeed grown
exponentially. In the last ten years, primary energy consumption has grown by 1.5% every year,
except in 2019 which grew by 2.9%, about twice as much [2]. At the same time, even nowadays,
in Italy and the European Union over 80% of primary energy is obtained from fossil sources
(coal, oil, and natural gas). Experts believe that the opportunity to reverse the emissions trends
relies on the exploitation of Renewable Energy Sources (RES) [3] that nevertheless are not
controllable and difficult to be stored. For this reason, huge efforts are made in the development
of energy storage systems worldwide [4]. Meanwhile, different players are taking actions to
limit the emissions linked to the different fields, which are mainly divided into energy, industry,
waste, agriculture, forestry, and land use. Each sector has its impact in terms of GHG emissions;
data referred to the year 2019 are reported in Table 2.

Table 2: Global GHG emissions referred to the origin sector in 2019.

Sector Global GHG emissions
Energy (electricity, heat, 23206
and transport)
Agriculture, Forestry, and 0
Land Use 18.4%
Direct Industrial Processes 5.2%
Waste 3.2%

As the world’s energy demand is related to the most emitting sector and it is constantly
increasing, it is crucial to find a solution to compensate for the emissions associated with the
energy production. In this context, around 24% of global GHG emissions linked to the energy
sector are due to transport, considering the different contributions (road, aviation, shipping, and
rail) depicted in Figure 4. Road vehicles alone (passenger and freight) account for 74.5% of

COz transport emissions.
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Figure 4: Global CO2 emissions from the transport sector in 2018 [https://ourworldindata.org/].

However, many solutions exist nowadays that allow full electric or hybrid propulsion and could
substitute the more traditional internal combustion engines in the various transport
technologies. The transition to electric propulsion could ensure the reduction of current
emissions by the transport sector and contribute to the accomplishment of 2030 and 2070 targets

established by the European Community and deal with the objectives of the Paris Agreement

[5]

s 10
8‘ 9 D Aviation
g Light- @ Shipping
8 commercial
7 vehicles ®Medium- and heavy trucks
6 283-wheelers DBuses and minibuses
OLight-commercial vehicles
5 Rail Pazsé?:ger
4 : buses a!n d mPassenger cars
3 minibuses @ Two/three-wheelers
2 . ORail
1
0! z ‘ e —— -
2000 2010 2020 2030 2040 2050 2060 2070

Figure 5: Global CO2 emissions in transport by mode in the 7/EA4 ’s Sustainable Development Scenario, 2000-2070.

As regards in details the shipping field, the International Maritime Organization (IMO), a
specialized agency of the United Nations, composed of 173 Member States, responsible for
regulating the safety, security, and environmental performance of international shipping, has

established strict objectives for the emissions deriving from the international navigation [6].
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The IMO’s long-term targets for emissions in the shipping sector, depicted in 2018 in the first
initial quantitative GHG reduction strategy for international shipping, include: (i) cut emissions
due to transport work by at least 40% and 70% respectively by 2030 and 2050, compared to
2008 levels; (ii) reduce total annual GHG by at least 50% by 2050, compared to 2008 levels
[7]. The document underlines the relevance of the topic as well as the significant potential of
cost-effective decarbonization for the sector. The emissions are in fact otherwise expected to
increase significantly during the next 30 years: the American Bureau of Shipping (ABS)
foresees a 250% increase in emissions by 2050 due to international shipping under the current
scenario, considering the projections regarding the growth of this sector [8]. Hence, the interest
in alternative low-emission power systems is growing, to reach the objectives set by the IMO,
to avoid the increase in emissions from shipping foreseen under a business as usual scenario
[9], and to comply with the terms of the Paris Agreement [10].

Indeed, a consistent percentage of pollutants such as NOx, SOx, COx, and CH4 derives from
international shipping, for a total impact of around 3% on global GHG emissions, making
maritime transportation among the top 10 emitters [11], according to the IMO. In recent years,
shipping emission regulations have changed significantly, mainly regarding what concerns
Particulate Matter, SOx, and NOx [7,12,13]. Since 2020, SOx maximum content in terms of
weight in the fuel has been set to 0.5% (the previous limit of 3.5%), with a further limitation of
0.1% in Emission Control Areas (ECA). As far as NOx emissions are concerned, ships built
after 2016 must comply with the TIER 3 limit in ECA, which means a reduction from 14 g/kWh
to 4 g/kWh in case of navigation at low rated engine speeds (<150 rpm). These limitations are
no longer reachable with traditional diesel engines and bunking fuels [14]; this perspective
highlights the need to take decisive actions in the maritime field, to investigate the use of
alternative fuels and zero-emission electric generators onboard. Therefore, the interest in

hydrogen as an energy carrier for zero-emission solutions has been growing significantly.

1.2.Hydrogen potential as an energy carrier

Hydrogen is the most abundant element in the Universe. It constitutes almost 90% of the visible
mass of the Universe itself. It is the simplest and lightest element of the periodic table (H2) as
it is made up of a proton and an electron. Although it is the most abundant element, in nature
hydrogen occurs in the form of a molecule and is hardly found in the free state; in fact, it is
found in large quantities in water (H20) and hydrocarbons, therefore bound to carbon atoms.
Thus, to obtain it, it is necessary to separate it from the matter in which it is present by providing

energy that favors the separation process and therefore supports an economic and environmental



cost. Given that hydrogen is not found alone in nature and that a contribution from another type
of energy is required to obtain it, hydrogen is considered an energy vector and not an energy
source as are solar and wind power. It is a low density, colorless, odorless, non-toxic, and easily
flammable gas. An aspect that should not be underestimated in the flammability of hydrogen is
that, when it burns, it is characterized by a very hot and pale flame, so much so that it is almost
invisible in sunlight. The flammability range of hydrogen is considerably higher than other
fuels; in fact, for hydrogen, the percentage by volume of the flammability limits varies from
4% to 75%, compared to the flammability limits of methane (CH4), which are between 5.3 and
15%, and of petrol, between 1.0 and 7.6%. Reported in Figure 6 are the flammability range
differences with the more common fuels (Propane and Methane). Therefore, it is necessary to
take into account that the transport and storage of hydrogen, due to the wide flammability range,

constitute a high-risk factor.
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Figure 6: Hydrogen flammability range [https://wha-international.com].

From the energy point of view, hydrogen has a high energy density per unit of mass: one
kilogram of hydrogen contains 142 MJ of energy, against the approximately 56 MJ contained
in natural gas, approximately 46 MJ in petrol, and diesel, and about 32 MJ in coal. This property
certainly makes it more efficient than conventional fuels. On the contrary, however, at room
temperature hydrogen has a low energy density per unit of volume. In Section 1.3, the current
storage methods necessary to overcome this problem will be explained.

Hydrogen represents one of the most promising energy vectors for the storage of RES [16,17]
as well as one of the most promising fuels for marine applications [18,19], while fuel cells have
proven to be a potential power generation technology suitable for such application [12]. Thanks
to benefits linked to the use of FCs, this market has increased from 24,600 units in 2011 to
78,000 in 2012 [20], up to a global FC market size valued at USD 3.21 billion in 2016, with an
expansion projection of 20.9% from 2019 to 2025. The spread of hydrogen systems applications

is bringing down their industrial cost [21], opening new market opportunities in the transport
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sector. Regarding Polymer Electrolyte Membrane FCs, the US Department of Energy (DOE)
targeted a dramatic reduction of the FCs production costs during the last years, which was
supposed to approach 40$/kW in 2017 [22—-24]. This target was not fully reached but close, as,
eventually, the price of a PEMFC system was around 45$/kW in 2017 for automotive systems.
The research by Whiston et al. in reference [25] compared — in 2019 — the experts’ opinions

about the PEMFC system’s cost with DOE target and estimations for the next future.
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Figure 7: Experts’ assessments of PEMFC cost and performance in 2017, 2020, 2035, and 2050 [25].
Even if hydrogen is the most abundant element in the universe, pure hydrogen is a scarce
resource on the planet. It, therefore, needs to be extracted from other compounds — with a non-
negligible energy consumption — such as water, fossil hydrocarbons like methane and organic
compounds, hydrogen sulphide, etc [26]. It is convenient — while it also lowers the global
lifecycle emissions — to employ energy for hydrogen extraction from renewable sources like
wind power[27], OTEC [28], or even some studies proposed to implement supercritical water
gasification of almond shell [29]. In this context, hydrogen is in fact considered an energy
carrier. RES energy is stored in the form of this molecule, produced by the water electrolysis
process, and therefore employed pure in a FC or mixed with other components (in the form of
ammonia, methanol) in Internal Combustion Engines (ICE). The hydrogen produced by a water
electrolysis process powered by RES is commonly called “green hydrogen”. Although only 5%
of world hydrogen production occurs by electrolysis, the following process allows obtaining
99.95% pure molecular hydrogen. The only process that may be necessary to use the hydrogen
produced by electrolysis (i.e., in a PEM fuel cell) is dehumidification, to remove the water

content that may remain residual in the gas.
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Figure 8: Schematic of the water electrolysis process [https://www.thyssenkrupp.com].

Otherwise, the gas can be produced by Steam Methane Reforming (SMR), combining high-
temperature steam with natural gas to extract hydrogen: this is in fact the most common method
in the US nowadays [22]. Despite the high production cost of hydrogen, though, several LCA
(LifeCycle Assessment) studies proved the advantages in terms of cost and emissions of FC
vehicles (FCV) compared to gasoline ones during the entire lifecycle, including the fuel
production phase [22,30—35]. Moreover, the research developed by Ahmadi et al. in 2015 [32]
found the most favorable economic results for hydrogen production using SMR, for which
abundant domestic and currently inexpensive natural gas is used as the energy source. Having
advantages such as low cost, high efficiency, and an easily manageable feedstock, steam
methane reforming is nowadays known as the most common process for hydrogen production.
Nevertheless, the emissions associated with this production method are not negligible and
should be handled in a dedicated process stream, while the hydrogen produced should be
purified to reach the standards for FC applications. The latter is in particular very strict in the
case of PEM fuel cells (99.995% purity is required).

1.3.Hydrogen storage opportunities

A key part of the direct hydrogen use in an energy production system is hydrogen storage: a
wide range of storing methods is being considered to find a compromise between energy
density, weight, energy efficiency, and cost of the technology. In the case of hydrogen
applications in the propulsion sector, for example, the storage volume would be significantly
higher than the one occupied by traditional fuels, which entails a greater bulk and greater
weight. This aspect, therefore, prevents the storage of hydrogen at room temperature and

atmospheric pressure. To overcome the problem, the scientific community is engaged in the
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search for light, space-saving, inexpensive, and above all safe tanks for storage onboard mobile
applications and rapid refueling at a service station. Mainly, hydrogen can be stored:

¢ In the compressed gaseous state.

e Inthe liquid state.

e With metal hydrides.

e With hydrogen carriers.

Table 3 shows the most indicative performance parameters of the various storage systems to

determine the best technology available on the market.

Table 3: Performance parameters of the different hydrogen storage technologies.

Pressure| Temperature| Energy/Volume Energy/Weight
[bar] [°C] (MJ/m3) [kWh/m3] | (kJ/Kg) [KWh/Kg]
200 14.85 (1158.93) [321.93] (1559.84) [0.43]
Compressed H2 350 14.85 (2492.15) [692.26] (8039.20) [2.23]
700 14.85 (3599.64) [999.90] (7199.28) [2.00]
Liquid H2 1 -252.75 | (3999.56) [1110.99] | (8999.10) [2.50]
MgH> 1 14.85 (12838.7) [3566.3] (9599.04) [2.67]
Metal -
Hydrides | LaNisHe | 1 14.85 (13798.6) [3832.9] (1799.82) [0.50]
NaAiH4 1 14.85 (11398.8) [33166.3] | (9599.04) [2.67]
Hydrogen| . 6 14.85 (17351.35) [4819.8] | (21237.88) [5.90]
carriers

The simplest and cheapest way to store hydrogen is to use it in the form of compressed gas at
pressures of 200-250 bar and above. Compressed hydrogen cylinders represent the simplest
transport system for storing gas but are limited by the fact that hydrogen requires very large
tanks, up to ten times larger than those of gasoline [36]. However, traditional steel cylinders
represent a technology that cannot be used for storage onboard land propulsion systems, due to
their excessive weight and their considerable bulk. Furthermore, steel embrittlement must be
considered; at high pressures, the hydrogen molecule could dissociate, allowing the atomic
hydrogen to diffuse into the steel. This would lead to a weakening of the metal due to a decrease
in the ability to deform plastically making the steel subject to sudden fractures. For these
reasons, significant progress has recently been made with the introduction of tanks with a metal
or thermoplastic structure reinforced with carbon or glass fibers. The advantage is due to the
weight reduction of almost 40% compared to common tanks. The latter can operate in a range
of pressures between 350 and 700 bar, allowing for higher and adequate accumulation densities

for use onboard vehicles.




To avoid large storage volumes, liquid hydrogen can be used, which occupies a volume smaller
even than methane. Although this technology is the best to meet the needs in the propulsion
field, it has limitations. The main problem concerns the liquefaction temperature (-253 °C). To
reach this temperature, a great deal of energy is required, and special cryogenic tanks are needed
to guarantee safety standards and adequate thermal insulation. For this reason, the most modern
tanks for liquid hydrogen consist of two or more layers of very resistant steel between which a
vacuum is created, ensuring the right strength in the event of an accident. Liquid hydrogen, in
addition to the complexity of the system, has a high cost not to be neglected. The energy and
economic cost of hydrogen liquefaction correspond indeed to about 30% of the energy content
of the fuel, compared to about 8% of compressed hydrogen.

Metal hydrides are special metal alloys capable of absorbing quantities of hydrogen through a
reversible reaction. The main metal hydrides belong to two broad categories: binary magnesium
alloys and multinary alloys, which include the Alanate family (aluminum Al compounds).
Metal hydrides are formed and act through two phases: the absorption and release of hydrogen.
The first phase, called hydrogenation, is an exothermic process that requires low temperatures,
while the second phase, called dehydrogenation, is an endothermic process that requires heat.
During the hydrogenation phase, the hydrogen molecule dissociates on the surface of the alloy,
and the hydrogen atoms are deposited in the interatomic space of the metal forming a solid
solution (a phase). With the increase in the concentration of hydrogen in the metal in the
coexistence region of the two phases, the interaction between the hydrogen atoms allows the
growth of the hydride phase (phase o + ). This process is usually represented ina PCT diagram,
that shows the link between Pressure, hydrogen Concentration (given as mass percentage with
respect to the metal weight), and Temperature in the hydride. As shown in Figure 9, while the
two phases coexist, the isotherms show a flat zone of length proportional to the amount of
hydrogen that can be reversibly stored. During the transformation of the metal into hydride
(phase B), further additions of hydrogen rapidly increase the pressure thus making it possible to
completely absorb the hydrogen in the metal. In the dehydrogenation phase, by providing a
certain amount of heat, the chemical bond between the hydrogen and the alloy is broken, thus
favoring the release of pure hydrogen. The release is usually never complete, and part of the

hydrogen amount stored is not recovered.
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Figure 9: Typical PCT activity diagram for a metal hydride system at various temperatures [37].

Metal hydrides have recently been studied to exploit the waste heat coming from the use of
PEM fuel cell systems in different applications. Indeed, the waste heat can be recovered and
employed, via the cooling circuit, to enhance the hydrogen release reactions inside the tanks
that contain the metal powder. Therefore, the hydrogen released can be employed as the reactant
flow to the FCS. In this way, a compact, low temperature, and pressure storage system can be
exploited on applications that require a high-safety level — such as onboard ships [38,39].

To overcome the difficulties inherent in the transport and storage of hydrogen, chemical
hydrides, or chemicals rich in hydrogen, could also be exploited. These compounds, unlike
metal hydrides, are unable to obtain and release hydrogen reversibly. Once dehydrogenated, the
chemical hydrides must undergo a process of hydrogenation again; this requires the activation
of a closed and complex circuit which foresees the return to the factory of the exhausted product
to be recycled. Nevertheless, the use of chemical hydrides maintains several interesting aspects.
Being rich in hydrogen, they can be used for local and seasonal storage, if there is a lack of
energy at certain times of the year. Furthermore, the use of these chemical systems makes it
possible to use existing infrastructures for transport and storage. Among chemical hydrides,
ammonia (NHz) has a strong relevance due to the high hydrogen amount per weight unit that
can be stored in it.

1.4.Hydrogen Fuel Cells for the maritime field

During the last years, the shipping field has become interested in hydrogen technologies;
nevertheless, at the moment, a specific fuel cell type for maritime applications is not available,

and it therefore must be chosen among the existing typologies.
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However, the use of such a technology for shipping gains relevance to reach the emission targets
set in 2030 and 2050, as described in Section 1.1, and becomes crucial to allow navigation in
the Emission Controlled Areas. In fact, besides the established ones, many others are now under
consideration, and many shipping critical ports may soon lie in these areas depicted in Figure
10.

Established Emissions Controlled Areas

Emissions Controlled Areas under consideration
A Shipping critical points

Figure 10: Established and under consideration Emission Control Areas (Source: Lloyd Register).

To generate energy, the unit constituted by the fuel cell must be integrated into a complete
system that includes a section of the fuel and air, a system for recovery of the heat developed,
and finally a section of regulation and control. For the generation System to be installed onboard
there are several alternatives, depending on the choices made concerning the fuel (hydrogen,
methanol, or gasoline) and the configuration of the propulsion system. For performing a
dedicated risk assessment of fuel cells for maritime application, and therefore to choose among
the FC technologies available, a selection of the most promising typologies was created by the
European Maritime Safety Agency (EMSA) [40]. A list of the most relevant parameters to be
taken into account in this choice was developed:

e Relative cost to other fuel cells.

e Power levels [kW] for the largest available module (which then can be grouped into

larger systems).

e Lifetime.

e Tolerance for cycling.

e Flexibility towards the type of fuel.

e Technological maturity.

e Physical size.

e Sensitivity for fuel impurities.
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e Emissions.

e Safety aspects.

e Efficiency (Electrical and total including heat recovery if applicable).
Based on these criteria, the fuel cell technologies were evaluated (AFC, PAFC, MCFC, SOFC,
PEMFC, HT-PEMFC, and DMF). The above criteria were chosen because they are considered
to be vital for evaluating if a fuel cell technology is suitable for maritime use in the near future,
and for comparing different technologies. Safety is in fact one of the major issues when it comes
to marine use of technology, and safety aspects are fully treated in the work developed by
EMSA. The PEMFC technology was the one receiving the highest score in the ranking, despite
its sensitivity to impurities in the hydrogen as sulfur and CO, a complex water management
system (both gas and liquid), and a moderate lifetime. Therefore, different studies were raised
for evaluating its employment in the maritime field.
The most recent publications have underlined the feasibility and the potential of PEMFC
technology on maritime applications, also compared to traditional diesel engines and batteries,
opening the path to optimization and modeling studies of hybrid systems as well [23,24,41,42].
Nevertheless, the bibliography offers very few examples of real-scale testing of FC systems,
especially in test rigs that simulate the operation in a ship-like environment. This underlines the
relevance of laboratories such as the HI-SEA one, described in this Thesis, which has proven
the feasibility of PEMFC systems for shipping applications, offering as well interesting results
that can lead shipbuilders during the choice of the commercially available technologies and the
system design phase [43-45].
PEM Fuel Cell Systems appear attractive for the maritime field in terms of both emissions
reduction and extended operative ranges with good efficiencies [46—48]. The use of PEMFC
for passenger's vessels guarantees very low noise and vibrations, compared to traditional marine
engines [49]. Compared to high-temperature FCS (such as Solid Oxide Fuel Cells, SOFC), the
use of PEMFC has other advantages, such as zero CO2 emissions (as they are fuelled by pure
H>), fast dynamics, and higher Technology Readiness Level (TRL), as many commercial
products are already available on the market [50-53]. Two examples of PEMFC-powered
vessels should be mentioned: the first one is the Zero Emission Ultimate Ship (ZEUS), a
research vessel under construction by Fincantieri, the main Italian shipbuilder. The propulsion
system integrates a 140-kW PEMFC system, batteries, diesel engines, and a hydrogen storage
system based on metal hydrides technology. The heat flux removed by the FCS will be
employed for the enhancement of hydrogen release from the metallic powder, making this

vessel the first existing example of this system-integration solution. The second one to be
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mentioned is the Nemo H2 vessel, already in use in 2010 in Amsterdam. It was the very first
example of an FC-powered vessel, with a 70 kW size and compressed hydrogen storage (350
bar), able to carry up to 80 people during 9 hours of navigation.

Feasibility studies on the use of PEMFC for maritime applications have been investigated in
recent literature works by many authors [54-57], also considering behavior in dynamic
conditions [38,58] and hybrid configurations including batteries [59,60]. Some authors focused
on multi-criteria approaches to compare PEMFC systems with diesel engines, highlighting the
potential advantages of PEMFC on traditionally employed technologies [61,62]. Thanks to their
advantage in terms of noise and vibrations, PEMFC technology is attractive also for submarines
and underwater vehicles, as reported in recent studies [63-65]. Depending on the size of the
vessel, PEMFC can be used for powering propulsion or as Assistant Power Units (APU) for
covering the hotel load. Figure 11 shows the most suitable use of a PEM fuel cell system

considering the size and cost of the vessel, in the vision of Fincantieri.
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Figure 11: Use of PEMFC systems for propulsion or as APU depending on vessel type.

1.5.General leqgislation for FCS

The use of alternative fuels onboard ships has become crucial to decrease navigation’s strong
impact on the environment. In this context, hydrogen is one of the most promising fuels for
marine applications [18,19], and PEMFC can be a promising technology to be employed for
propulsion [23,24,40,54,57,62,66], also coupled with batteries. Of course, it is crucial to
evaluate the best hydrogen storage technology, to increase the practicable navigation distance.
Many research projects have deepened the topic of experimental PEMFC systems for maritime
applications [43,44], but the absence of shared international legislation specific to fuel cells on
marine vessels can create issues in the design phase of real-scale systems. Indeed, the IMO has
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not made available any guidelines yet for the installation of FCS on marine vessels, nor
guidelines for the Type Approval Test (TA), which is the totality of the tests that an FCS should
withstand to obtain a Type Approval Certificate (TAC). For this reason, the dedicated Section
4.1 of the Thesis — which describes part of the work carried out inside the European Project FC-
PROMATE (FC TEsting PROtocols for Maritime applications) and of the national research
project TecBia (Technologies at low environmental impact for energy production on ships),
financed by Fincantieri-lsotta Fraschini Motori S.p.A. and Italian Ministry of Economic
Development (MISE) as part of “National Operational Programme (PON) 2014/2020 Large
R&D Projects” [67] — aims to define a testing routine which can be crucial to carry out a
technical comparison between different commercial PEMFC systems and to evaluate their
suitability for shipping installations. Starting from the legislations available for fuel cell
installations and from the aspects related to naval environment regulations, the main aspects to
be checked via the testing protocols have been individuated by the Author. This operation can
lay the foundations of a future and specific international standard, defining the experimental
steps necessary to assess the suitability of FC stacks for shipping requirements.
Nowadays, as a dedicated regulation does not exist, every integration process of Fuel Cell and
hydrogen systems must follow the Alternative Design procedure (AD), a general procedure
based on Risk Assessment (RA) that allows the introduction of limited and unregulated variants
within the project if they demonstrate, through the RA, a level of security equal or higher than
the one required by the regulations for traditional design. To proceed with an objective
evaluation of the performance of FCS, it is therefore not possible to refer to any internationally
recognized technical document. It is consequently necessary to carry out an analysis of the
regulations and available standards published by Classification Societies (CS) and
standardization (ISO, IEC) recognized at the European (EU) and national levels. Indeed, while
international legislation is expected in the next future, the CS such as the Italian Naval Register
(RINA) are equipping themselves with internal rules that define the safety requirements that
FC systems must comply with to be installed onboard.
To consider in the broadest but most precise way possible both the aspects related to the naval
legislation (as for the environmental conditions) and those related to the rules and standards of
FC technology (as regards the operational conditions), the Author has reviewed and accounted
the existing regulations of the CS and the standards related to fuel cells, in particular:
o |ACS UR-E10: it defines the test specifics for the TA of electrical systems.
o RINA-FC: itis specific for FCS and gives important guidelines for their installation onboard
ships, citing the IEC 62282 as a reference for the TA.
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e RINA RULES, PART C: these regulations referred to all the machinery, electrical
installations, and the automation installed on board,; it has also been used as a guideline for
the design of the test stations, and it has provided multiple indications and specifications of
completion to the IACS UR-E10.

o |EC 62282: it describes the TA for FCS for the installation in stationary, portable, micro,
and vehicle applications.

The latter has been considered also for what concerns the environmental conditions — vibrations,

temperature, and wind) — which the FCS should withstand, comparing these conditions to the

ones applicable to APU on heavy-duty transport installations [68].

1.6.Contents of the Thesis

PEM fuel cells are widely considered among the most promising technology to reach the zero-

emission targets for the maritime field while ensuring the current navigation ranges. The recent
findings in literature can prove this, as well as the fact that different hydrogen or hybrid vessels
are nowadays under development. In this context, the present Thesis aims to understand the
potentialities and limits behind the employment of Polymer Electrolyte Membrane Fuel Cell
(PEMFC) technology for maritime applications. Chapter 2 will cover the topic of fuel cells,
with a dedicated focus on the PEMFC type, regarding components, materials, and performance.
In Chapter 3, PEMFC degradation processes and the main monitoring techniques developed in
the last years are described. The results of a thorough literature review on the topic of the
Platinum catalyst poisoning have led to the definition of equations that can foresee the voltage
variation due to catalyst contamination: a piece of useful information that should be enclosed
in FC models that aim to predict the performance during the time in the environment where
pollutants can be present. Chapter 4 will instead show the results of the experimental activities
developed in a real-scale laboratory, which is deeply described in the same Chapter. The results
of this part of the Thesis gain importance since, although many research works related to
experimental investigation about PEMFC stacks have been carried out in the last years, all the
studies are related to small-scale systems (<10 kW), focusing on the behavior of few cells
[69,70] or asingle stack [71,72]. However, in a near-future perspective, the implementation and
the real application of FC systems (FCS) onboard will require more complicated systems, with
a multi-stack solution to reach higher installed power (i.e. in the range 200 kW — 1 MW).
Furthermore, the study of the Balance of Plant (BoP) and the management of a typical naval
energy load profile must be considered as well to perform a complete and realistic analysis for
onboard applications. The necessity to deepen and expand the fundamental research on FCS
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and installations on real-scale applications gave birth to the Hydrogen Initiative for Sustainable
Energy Applications (HI-SEA) Joint Laboratory between the University of Genova and
Fincantieri shipbuilding company [44,73]. Eight 30-kW Orion® Nuvera Fuel Cell PEM stacks,
for a total power of 240 kW, are installed in the laboratory to assess their onboard integration.
For this purpose, the HI-SEA system is complete with BoP components to simulate onboard
operating conditions: it represents one of the more complete systems for the simulation of the
operations of a large number of PEMFC for maritime applications. The results of the system
commissioning, and the experimental campaign carried out on the same, are described in
Chapter 4 and have been published in scientific journals [43], offering an interesting view on
real PEMFC applications and their performance. Eventually, Chapter 5 will deal with the
application of the Response Surface Methodology (RSM), a branch of the Design of Experiment
(DoE) investigation, to the data analysis. The data extrapolated from the experimental campaign
in the HI-SEA Laboratory are in fact employed to build a statistical model of the system,
considered stochastic, where the cooling temperature and the air mass flow rate are considered
as input variables, while the FC stack voltage is the objective function depending on the input
variables. This part of the work can lay the foundations for the development of a future
monitoring tool.

In conclusion, this Thesis will help the reader to gain a global understanding of PEMFC
technology both from a more theoretical point of view, considering materials and performance
degradation, and from a more practical point of view thanks to the knowledge acquired during

the experimental campaign and the consequent data analysis activities.
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2. Fuel cells

Fuel cells are interesting electrochemical devices for electricity production, being used to
convert chemical into electrical energy, alone or in cogeneration with gas turbines or batteries.
They are available in different types; the classification is carried on depending on the electrolyte
typology and the operative temperature. The main fuel cell typologies, that will be described in
Section 2.1, are:

e Molten Carbonate Fuel Cell (MCFC).

e Solid Oxides Fuel Cell (SOFC).

e Polymer Electrolyte Membrane Fuel Cell (PEMFC).

e Phosphoric Acid Fuel Cell (PAFC).

e Alkaline Fuel Cell (AFC).

e Direct Methanol Fuel Cell (DMFC).
Fuel cells can work with different reactants, such as pure oxygen, air, hydrogen, methane,
ammonia, or carbon dioxide. If the devices work with hydrogen and oxygen, as the two
components react, they release electrical energy and produce heat and water as a by-product,
making the process clean and sustainable. Indeed, in the perspective of moving towards a
sustainable energy economy based on hydrogen and electricity as carriers, fuel cells are efficient
energy converters. In case the fuel employed is carbon-based, instead, it is possible to adapt the
technology to Carbon Capture and Storage (CCS): the exhaust gases from an industrial plant,
rich in CO2, can be used in the fuel cell and, at the bottom of the process, pure CO, will be
found concentrated at the anode side of the cell, easy to be separated and therefore to be

employed in other processes or stored.

2.1.Working principle

The generic FC working principle is based on the fact that the reactants, provided externally by
dedicated circuits, reach the two opposite cell sides — anode, the oxidizing side, and cathode,
the reducing side, respectively. Therefore, the reactants undergo an oxidation or reduction
reaction: at this point the electrolyte — which is layered between the anode and cathode — is able
to carry the ionized particle to the other side, while the electrons released are set free to pass
through an external circuit, before reaching the other side of the fuel cell. This process allows
the development of an electrical current flux, that is employed for energy production. All the
discussion on reactants, components, and electrochemical processes depending on the FC type

is detailed in the next Sections.
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Since the working principle is based on the efficient verification of the electrochemical reaction
between the reactants at the two FC sides, the generic performance of a fuel cell is influenced
by operational parameters such as cell temperature, pressure, gas composition, as well as by
factors like the presence of impurities, which modifies the reversible potential of the cell and
the polarizations — Activation, Ohmic, and Concentration (or Diffusive), which will be
described in details in Section 2.2.5.

Gibbs free energy G is related to the reversible cell voltage E by Equation 1:

AG = —nFE Equation 1

The generic effect of temperature T and pressure P on the reversible potential E of a fuel cell

can be analyzed based on changes in Gibbs free energy with the temperature and pressure:

J0E AS :
(_) = — Equation 2
d0T/p nF
J0E Av _
(_) - Equation 3
JoP T nkF

Where F is Faraday’s constant and n is the amount of exchanged electrons. At constant pressure
(Equation 2), the relationship in Equation 1 produces a Maxwell relation that links the change
in open-cell voltage with temperature T (a measurable quantity) to the change in entropy S. At
constant temperature, Equation 1 produces an equation that links voltage with pressure, P, to
the change in volume v (Equation 3). In the case of cells that operate with pure hydrogen and
oxygen, since the entropy change in the reaction of hydrogen with oxygen is negative, the cell
potential decreases with increasing temperature. In the same reaction, the volume change is
negative, and therefore the reversible potential increases with increasing pressure. Ultimately,
a temperature rise:

e Reduces the Ohmic polarization since it increases the ionic conductivity of the

electrolyte.

e Improves the transport phenomena, by reducing the Concentration polarization.

e Improves the kinetics of the reaction, reducing the Activation polarization.

e Improves the tolerance to impurities present in the feed gas.
Furthermore, the higher the operative temperature, the more efficient the recovery of heat
energy produced by the cell. The maximum temperature in the different FC types is defined
depending on the stability of the materials used. Technical problems may however limit the

maximum operative temperature of a cell, since the corrosion phenomena, the problems of
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crystallization and sintering of the catalysts, as well as the degradation of the electrolyte, can
all be accelerated by an increase in temperature.

An increase in the working pressure of the cell, on the other hand, has a positive effect on the
performance: indeed, it produces higher partial pressures of the reactants in the closeness of the
electrodes, it improves the transport phenomena — positively influencing the Concentration
polarization — and the solubility of gases in the electrolyte. All the previous phenomena can
attenuate the losses inside the cell, and also help to reduce the loss of electrolyte (if it is in liquid
form) that are particularly evident in the high-temperature cells. Higher pressures, however,
may create major problems from the materials' point of view, and therefore they may require
more attentive monitoring of differential pressures. The next Section will describe more in detail
the existing types of fuel cells, deepening the electrochemical reactions depending on the

materials employed and on the operative temperature.

2.1.1. Existing types

Different fuel cell technologies have been developed in the last years. The classification is
usually dependent on the operative temperature and the electrolyte material employed. Table 4

resumes the FC classification depending on the above-described characteristics:

Table 4: Fuel Cell types based on operative temperature and electrolyte type.

Low High Liquid Solid

FC type Temperature | Temperature | Electrolyte | Electrolyte

Proton Exchange
Membrane FC (PEMFC)

Molten Carbonate FC
(MCFC)

Solid Oxide FC (SOFC)

Phosphoric Acid FC
(PAFC)

Alkaline FC (AFC)

Direct Methanol FC
(DMFC)

It is important to underline that, although it is a common definition, PEMFC and DMFC have
strictly speaking not solid electrolytes since they are made up of porous and aqueous materials,
that require the presence of water for the electrochemical reaction to work. Going more into

details on the electrochemical reactions, the operative conditions, and the materials employed,
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the main FC types are here below unfolded. Since they are the heart of the present Thesis,
Polymer Electrolyte Membrane fuel cells are reported in Table 4 but they are not included in

this Section: their operating principles are thoroughly described in the dedicated Section 2.2.

Molten Carbonate Fuel Cells

Molten Carbonate Fuel Cells (MCFC) operate at 650°C. Noble metal catalysts are not required,
due to the high operative temperature, decreasing the cost of the technology. This type of FC
has been developed for the combined use with natural gas and coal-based power plants for
industrial, electrical utility, and military applications. MCFCs have greater flexibility than other
typologies thanks to the possibility to use different available fuels keeping a good overall
system efficiency. To achieve high performances is however critical to control the distribution
of the molten carbonate electrolyte (in liquid form) in the different cell components. The

reactions are, respectively, on the anode side:

H, +CO3 - H,0 + CO, + 2e~ Equation 4
While at the cathode side:
1 — -
502 +C0, +2e” - CO3 Equation 5

Resulting in the overall reaction:

1
H, + 502 +C0, » H,0 +CO, Equation 6

In MCFC systems, the CO- generated at the anode is usually directed to the cathode by “CO-
transfer” devices. This is interesting for the application of Molten Carbonate fuel cells in CCS
systems. Typical MCFC generally operates in the current density range of 100-200 mA/cm? at
750-900 mV/cell.

Solid Oxides Fuel Cells
Solid Oxides Fuel Cells (SOFC) usually operate between 600-1000°C. A solid and non-porous

ceramic metal oxide constitutes the electrolyte (made with Y>Oz-stabilized ZrO2), while

typically the anode is a Ni- ZrO> cermet and the cathode is Sr-doped LaMnOs. Some materials-
related problems may happen, mainly when temperatures reach high values, such as sensitivity
to contaminants, oxidation-reduction intolerance, mechanical and dimensional instability, and
poor activity for direct oxidation of hydrocarbons for the anode. On the contrary, for what
concerns the cathode the most important issues are linked to poisoning due to chromium vapors

coming from the ceramic interconnections, which commonly are doped with lanthanum and
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yttrium chromite. Despite this, efficiencies are usually very high. As regards emissions,
minimal air pollutants and low greenhouse gases are registered. As well as for MCFC, this
technology has wide flexibility in terms of fuels (including various hydrocarbon fuels) and can
be employed for internal reforming, cogeneration with high-quality by-product heat, as well as
for bottoming cycle. Two types of cell designs are being investigated for SOFC: tubular and
planar cells. The interest in tubular cells is unique for SOFC. For this type of cell, if hydrogen

and oxygen are employed as reactants, the anode oxidation of hydrogen reaction is:

Hy + 0% - H,0 + 2e~ Equation 7
Cathode reduction of oxygen is:
10 4+ 2e” > 0% Equation 8
2 2

And finally, the global reaction is:

Hz + %02 SN HZO Equation 9

Phosphoric Acid Fuel Cells
Phosphoric Acid Fuel Cell (PAFC): this type of fuel cell employs liquid phosphoric acid for the

electrolyte. They were the first fuel cell type to be commercialized. Developed already in the
mid-1960s and field-tested since the 1970s, they have improved significantly in stability,
performance, and cost. These characteristics have made the PAFC a good candidate for early
stationary applications. The electrolyte is highly concentrated or even pure liquid phosphoric
acid (HsPOg), saturated in a silicon carbide matrix (SiC). The catalyst employed is a platinum-
based material. The operating temperature range is about 150 to 210°C and therefore they are
classified as high-temperature cells. The electrodes are made of carbon paper coated with a
finely dispersed platinum catalyst. As regards the electrochemical reactions, at the anode side

the following is verified:

2H, - 4H + + 4e” Equation 10

And at the cathode, instead:
0, + 4H + +4e” - 2H,0 Equation 11

Having the overall reaction:
2H, + 0, - 2H,0 Equation 12
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Hydrogen and oxygen should be provided in gaseous form. As the temperature operating range
is 170 to 200°C, the expelled water can be converted to steam for air and water heating (in
combined heat and power systems). This potentially allows efficiency increases of up to 70%.
PAFCs are CO»-tolerant and can also tolerate a CO concentration of about 1.5%, which
broadens the choice of fuels that they can use. At lower temperatures, phosphoric acid is a poor
ionic conductor, and CO poisoning of the platinum electro-catalyst in the anode becomes
severe. However, they are much less sensitive to CO than PEFCs. Disadvantages include rather
low power density and aggressive electrolytes. If instead gasoline is chosen as the reactant, the

sulphur must be previously removed.

Alkaline Fuel Cells

Alkaline Fuel Cells (AFC) are low-temperature devices that operate with a liquid electrolyte
that is a Potassium hydroxide solution (KOH). The catalyst is usually a non-noble material
(typically nickel-based), allowing a lower cost for this component. Given these characteristics,
they are suitable for operation in a more dynamic regime and easily integrable in compact
systems. Indeed, this type of FC was successfully exploited in aerospace applications, such as
in the NASA Apollo-series missions during the 1960s. The high flexibility and electrical
efficiency have however to deal with the need for very pure gases employed as the reactants,
which is considered the major constraint for the technology. In particular, CO, S, and CO- can
become strongly detrimental to the electrolyte. Since the electrolyte is in the liquid form, the
cell design is different from the others and it has in principle three chambers, divided by the
electrodes. Two of the chambers are dedicated to the reactants while the third one is for the

electrolyte itself. The electrochemical reactions verified in this type of FC are:

H, + 20H™ - 2H,0 + 2e” Equation 13

At the anode; at the cathode, instead:

0, +2H,0 + 4e” - 40H~ Equation 14

Having the overall reaction:
2H, + 0, - 2H,0 Equation 15

Direct Methanol Fuel Cells

A Direct Methanol Fuel Cell (DMFC) is an electrochemical energy conversion device that
converts the chemical energy of liquid methanol into electrical energy directly. Their operative

temperature is low and up to 120°C, while the electrolyte is nowadays a solid polymer
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membrane with sulfuric acid chains that transport the hydrogen proton from the anode to the

cathode side. The main drawback of direct methanol fuel cells in fact is the very sluggish anode

reaction; coupled with the inefficient cathode reaction, it gives rise to low overall performance,

particularly at low temperatures. Moreover, if the methanol is supplied to the cell in a water

solution, it could pass through the membrane, affecting the performance at the cathode side.

The consequent losses are a fundamental limitation to DMFC systems. The methanol can be

supplied to the cell both in liquid and vapor form. However, liquid-feed systems are usually

preferred as they are mechanically simpler for what concerns cooling and system thermal

management [74]. As regards the electrochemical reactions, at the anode side the following is

verified:

CH;0H + H,0 —» CO, + 6H* + 6e~
And at the cathode, instead:

3
502+6H++ 68_ - 3H20

Having the overall reaction:

3
CH30H + EOZ s 2H20 + COZ

Equation 16

Equation 17

Equation 18

In conclusion, Table 5 summarizes for each FC typology the electrolyte material employed, the

operating temperature, the electrical efficiency, and the reactants employed in the

electrochemical processes.

Table 5: Main FC types and their characteristics, based on results reported in [75].

Operating Electrical SN ”
Fuel Cell Electrolyte Temperature Efficiency Fuel “Mixture
Alkaline Fuel Potgssium Room
Cell (AFC) hydromde_(KOH) temperature to 60-70% H2-O2
solution 90°C
Proton Exchange Proton exchange Room
Membrane Fuel membrane temperature to 40-60% H.-Oz or Air
Cell (PEMFC) 80°C
Direct Methanol Proton exchange Room
Fuel Cell membrane temperature to 20-30% CH,0H-O; or Air
(DMFQC) 130°C
. . Natural Gas,
l?uheciSEZﬁrEg:lggj) Phosphoric acid 160-220°C 55% BiogasAIi—:g-Oz or
Molten Carbonate | A molten mixture Natural Gas,
Fuel Cell of alkali metal 620-660°C 65% Biogas, Coalgas,
(MCEC) carbonates H>-O; or Air
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Oxide ion- Natural Gas,
conducting 800-1000°C 60-65% Biogas, Coalgas,
ceramic H,-O, or Air

Solid Oxide Fuel
Cell (SOFC)

2.2.PEM Fuel Cells: components, materials, and maritime applications

A more detailed description of this FC type is hereby presented since this technology is the
heart of the research theme for the present Thesis.

Polymer Electrolyte Membrane FC (PEMFC) is a promising technology in terms of
performance, costs, safety, and technology maturity, to reduce the environmental impact of
transport applications and to improve power flexibility, keeping good performances [12]. The
high power density of this technology is combined with the ability to support dynamic working
conditions, and the low operating temperature allows fast start-ups and shut-downs. Moreover,
the employed fuel is usually pure hydrogen —even though methanol and ammonia are nowadays
under investigation — making PEMFCs zero-emission devices. However, it is worth noting that,
before their use in PEMFCs, the methanol requires reforming, ammonia requires cracking, and
both require purification to 99.995% H> to reach standard values that allow using the gas in a
PEMFC. These reasons justify the interest in using hydrogen and PEMFC technology for
fuelling cars, low and heavy-duty vehicles, trains, and ships [23,24], which has led many
researchers to analyze the possibility of installing a PEM fuel cell system also onboard ships of
different sizes, whether for propulsion or auxiliaries.

PEMFC can efficiently generate high power density and are therefore attractive for mobile,
automobile, transport, and portable applications in general. An aqueous polymer membrane is
used as the electrolyte, being also the anode-cathode separator. This kind of cell operates at
relatively low temperatures (60 to 80°C) allowing a faster start-up phase than technologies that
work at higher temperatures (such as SOFC). Also, easier sealing, assembly, and handling are
allowed thanks to these characteristics. PEM fuel cells are usually planar cells and are made up
of the anode and cathode (identified with the inlet of hydrogen and air respectively); the proton
exchange membrane (made with a thin polymer film); an electrically conductive porous backing
layer where also the Catalyst Layer (CL) is spread into small particles; the electrodes at the
interface between the backing layer and the membrane; cell interconnects; and flow plates that
deliver the reactants to the reactive sites on the membrane through flow channels while

electrically connecting the cells (see Figure 12).
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Figure 12: Schematics of the main components of a PEMFC [76].

The electrochemical reactions verified in this type of FC are, at the anode:

H, - 2HT + 2e” Equation 19

And at the cathode, instead:

1 Equation 20
502 +2H* + 2¢” - H,0

Resulting in the overall reaction:

1 Equation 21
Hy +50; > H0

Since heat is produced by the electrochemical reaction, and the proton-conductive membrane
operates at its best in the correct temperature and humidity conditions, thermal control is crucial
for this type of FC. Therefore, a cooling circuit is a crucial part of the FC system, to properly
remove excess heat and preserve the proper relative humidity inside the cells.

In the next Sections, more details are reported regarding the most relevant cell components.

2.2.1. Proton Exchange Membrane

The proton exchange (or polymer electrolyte) membrane is one of the most important
components in PEMFCs. It is the protonic conductive layer between cathode and anode, and it
also prevents the direct reaction between oxygen and hydrogen. It is characterized by its active

area (usually measured in cm?) and by its equivalent weight (which is inversely proportional to
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the ion exchange capacity). There are many different types of membranes, and they are made
using different types of materials. The most employed material for membranes in low-
temperature PEMFCs is Nafion, invented and manufactured by DuPont. Some alternatives are
Aquivion by Solvay, nanocomposite membranes, and hydrocarbon polymers [77] are under
investigation. As a general guideline, since the role of the membrane is to conduct hydrogen
protons, the material employed should exhibit high protonic conductivity and simultaneously
prevent electron transport and the cross-over of hydrogen and oxygen gases. The operating
temperature range is an important factor to be considered when choosing the membrane
materials; thus, it should have a wide temperature range (from -30 to 200°C) [78]. The choice
of materials for the membrane is dependent on the physical and chemical properties needed to
ensure efficient performance [78]. In summarizing, the following identified properties must be
met [79]:
e The ionic conductivity must be high.
e It must be chemically stable in the environment with hydroxyl (HO) and hydroperoxyl
(HOO) radicals.
¢ It must be thermally stable throughout the entire operating temperatures
e Good water uptake.
e It must be durable and mechanically robust.
e It must be easy to get or produce and not expensive.
Membranes used in PEMFCs can be classified as:
o Perfluorinated membranes, that are thin, highly conductive, and have a good mechanical
resistance (Nafion).
e Partially fluorinated.
¢ Non-fluorinated.
e Acid-based blends.
New materials are also under investigation, such as:
e Nanocomposite membranes, with some micron of inorganic/organic components — i.e.
ZrO2, TiO2, Silica — to reach high water retention and tensile strength.
e Sulfonated hydrocarbons membranes, that have a lower chemical/mechanical stability,
but a wide temperature range and a lower cost.
Since the membrane’s active area and its ionic conductivity strongly depend on correct
hydration [80,81], wrong water and thermal management are the most frequent failure cause

for this component [82,83]. This must be considered especially when operating at high current

27



densities (over 1 A/lcm?) because of mass transport issues, associated with water formation and
distribution which may limit the cell output. Water content is determined by the balance of
water during operation that depends on: water drag through the cell (linked to transport and
membrane); back-diffusion from the cathode (osmotic action along with the proton); and the
diffusion of water in the fuel stream through the anode. All parts of the cell must be sufficiently
hydrated; at the same time, no excessive flooding must occur. Also, since this component
should be as thin as possible to reduce losses across it, mechanical degradation must be carefully

considered as it can cause membrane failure [84].

2.2.2. Gas Diffusion Layer (GDL)

The polymer membrane is sandwiched between two sheets of porous backing media, also
referred to as Gas Diffusion Layers (GDL) or current collectors, which act as a gas diffuser,
provide mechanical support, provide an electrical pathway for electrons, as well as a channel
for reaction water to be carried away from the electrodes. The backing layer is typically a
carbon-based fiber: the layer incorporates a hydrophobic material, such as
polytetrafluoroethylene to prevent water from “pooling” (verified when gases are in free contact
with the catalyst sites). Removing the water through the porous plate is necessary to have less
water in the reactant streams, to reduce parasitic power needs of the oxidant exhaust condenser,
to have higher fuel utilization values, and to better control temperature values, reaching better

distributions.

2.2.3. Catalyst layer (CL)

The catalyst layer is in between the membrane and the backing layer, which “fixes” the catalyst
particles on the polymer within a layered structure. The catalyst for pure H, PEM fuel cells is
usually a platinum-based material for both the anode and cathode (pure platinum or graphite
supported platinum). This element is preferred as it activates the chemical reactions on the two
sides of the cell even at the low operative temperatures typical of PEMFC. The sites on the
membrane where the ion-conductive polymer, the Pt particle, and the electrode coexist are
called Triple-Phase Boundaries (TPB): here, the fuel is reduced (in the case of oxygen, the
reaction is called Oxygen Reduction Reaction — ORR) or oxidized (in the case of hydrogen, the
reaction is called Hydrogen Oxidation Reaction — HOR), the proton is conducted through the
membrane and the electron flows through the electrode, generating current (see Figure 13).

Since the electrodes and the catalyst particles are layered on the polymer membrane forming
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together a homogeneous component, these latter are usually referred to as the nomenclature
Membrane-Electrode Assembly (MEA).

w_ 2H'
»

Carbon Black Nafion

Support
Pt Nanoparticle

Figure 13: Schematics of the TPB on a Nafion’s membrane [85].

Platinum catalyst forms one of the largest cost components in the fuel cells. Fuel cell design
with efficient utilization of platinum catalyst could contribute directly to cost reduction of the
whole device. Also, finding a platinum-alternative catalyst will cause further cost reduction of
the fuel cell [78]. Despite its wide employment, however, since this material is highly reactive,
some problems of poisoning can arise from the presence of contaminants. In fact, Pt has a strong
affinity to other compounds like carbon, sulphur, nitrogen oxides, ammonia, and hydrocarbons
in general. Besides, an excessive amount of water (i.e., in case of membrane flooding) can cause

dissolution and aggregation issues of Pt particles, enhancing the degradation.

2.2.4. Cooling circuit

Cooling is accomplished using a circulating fluid, usually water, that is pumped through
integrated coolers within the stack. The fuel cell cooling system is responsible for maintaining
this temperature at a suitable level. The heat generated by a PEMFC is approximately equal to
or sometimes can be even more than the maximum power generated by the fuel cell [86,87]
depending on the efficiency curve. Four factors such as entropic heat/reversible heat/Peltier
effect of reactions (35% of total heat), irreversibility of electrochemical reactions (55% of total
heat), ohmic resistances/ Joule heating (10% of total heat), and water condensation are
responsible for the heat generation in a PEMFC [88-92]. A fuel cell stack can dissipate its
excessive heat by internal or external mechanisms. Internal heat removal by the cathode fluid
stream is more significant than the anode fluid stream, as the exothermic reactions occur at the
cathode and the reaction water absorbs the generated heat [93]. Different techniques for heat
removal are under investigation, and depending on the fuel cell stacks' sizes, application field,
and operating conditions, air and/or water-cooling techniques are commonly employed for
thermal management purposes. The main heat removal techniques are hereby listed:
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e Liquid water cooling.

e Air cooling.

e Metal foams.

e Nanofluids.
As regards air-cooled PEM fuel cell systems, they can be classified as active type and passive
type, depending on the air supply method. In an active-type air-cooled PEM fuel cell system,
the reactant air for the ORR and the coolant air are separately supplied through two different
flow paths and thus can be properly controlled for optimal fuel cell operation. On the contrary,
passive air-cooled PEM fuel cell systems are based on a cooling process implemented via
natural convection of the air on the external surface area of the fuel cell stack. Cooling via
natural or forced convection of the reactant or product also falls under the category of passive
cooling. Therefore, considering the system configuration, a passive-type air-cooled PEM fuel
cell system is simpler than an active-type system and is thus better suited to small-scale
applications that require a lightweight system [94]. Normally, PEMFC stacks of above 5 kW
power mainly require liquid cooling, and those below 2 kW are usually designed to be air-
cooled [87] since the lower need for heat removal can be achieved by air cooling, considering
the lower heat capacity of air with respect to water. For example, the Ballard Mk1020 ACS fuel
cell, an open cathode PEMFC, has been designed to be cooled using air within its wide
operating range of 300 W to 4 kW [95]. For an air-cooled PEM fuel cell, the open cathode
design —where forced air is supplied to the cathode using fans — plays a major part in improving
cell performance [95]. Nevertheless, liquid cooling remains the most employed technique to
promote fuel cell output efficiency, especially in automotive applications [95].
Metal foams are under investigation to be combined with air cooling in open cathode stacks,
while nanofluids are a new technology that is interesting for the enhancement of the cooling
capacity of the cooling system when used as coolants — they are proved successful in reducing
the size of fuel cell radiators — while their effects on the liquid conductivity are still not clear.
Any increase in electrical conductivity of the coolant is undesirable in PEMFCs: the generated
electricity in the PEM fuel cells polarises the coolant by creating the electric field that causes
electricity to leak through the coolant; consequently, it affects the electrical performance of the
fuel cell negatively. Along with the electricity leakage through coolant, a coolant with high
electrical conductivity can shortcut the cells that contributes to stack degradation and

performance drop [96].
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2.2.5. PEM fuel cell voltage

The cell voltage is one of the most important parameters to be evaluated during the operation
of a FCS, since it reflects the presence of criticalities and, in general, the trend of losses
associated with the cell polarization, that have been introduced in Section 2.1. Cell voltage is
in fact calculated starting from the Nernst equation and subtracting the irreversible losses:

Activation, Ohmic, and Concentration. Cell voltage, therefore, is calculated by Equation 22:

Vcell = VNernst - VActivation - VOhmic - VConcentration Equation 22

To calculate the Nernst Potential Vyense, it IS necessary to start from the electrochemical
reactions that are verified inside the cell. The chemical energy released by the FC can be
calculated from the difference in Gibbs free energy between the product (liquid water) and the
reactants (hydrogen and oxygen). For the H2/O: fuel cells, like the ones employed in this Thesis,

the basic chemical reaction — already described in Equation 30 — is:

H, + %02 < H,0 Equation 23

The change in Gibbs free energy, referring to the standard state (pressure 1 bar, temperature
25 °C), is:
Ag} = (9Pn0 = (97),, = (GP)o, Equation 24

Agf varies with temperature and pressure according to the Equation 25:

1/2
(po,) " * pu, Equation 25
PH,0

Agy = Mg} — RTst1n<
Where aAg? is the change in Gibbs free energy at the standard state and it varies with the FC
stack’s temperature Tg;. The partial pressure terms are commonly referred to as the values found
at the anode and cathode channels. If the system is considered reversible, the electrical work
can be considered equal to the change in Gibbs free energy and therefore Nernst Potential is

finally defined by the Nernst equation as:

1/2

RT. * _

Viernst = Er = ETO + ZFS't In <(p02)p pHZ) [V] Equation 26
Hzo

where py, is supposed equal to the anode pressure, po, is calculated by subtracting the
saturation pressure of vapor from the cathode air pressure, considering a 21% of oxygen in the
air. Nernst equation correlates E;-°, which is the standard potential for the cell reaction at the

desired temperature (T, in this case), to the Open Circuit Voltage (OCV) E; at different partial
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pressures of reactants and products and at the desired temperature (in this case, the one of the
fuel cell stack T;).
As regards losses, Activation losses are the ones responsible for the difference between the
OCV and Nernst Potential at very low currents. These losses are caused by the slowness of the
reactions taking place on the surface of the electrodes [97,98]. In a PEMFC, these losses occur
mainly at the cathode side since the exchange current density i, of the anodic reaction is several
orders of magnitude higher than the one of the cathodic reactions. For most values of the
overpotential, a logarithmic relationship prevails between the current density and the applied
overpotential, which is described by the Tafel equation (Equation 27):

Nace = b 1n% Equation 27
where i is the observed current density and b is the Tafel-slope coefficient, which depends on
the electrochemistry of the reaction. An accurate description of the local current density i is
given by the Butler-Volmer equation (Equation 28):

i = io[exp (% Tlact) —exp (% nact)] Equation 28
where oa and oc are the anodic and cathodic apparent transfer coefficients, respectively, F is
Faraday’s constant and 7,.IiS the activation overpotential; i, is obtained following the curve
fitting approach explained by Berning [92].

Ohmic losses result from the resistance to electron transfer in the collector plates and electrodes
plus the resistance to proton transfer in the solid polymer membrane. They can mathematically

be expressed using the Ohm’s Law equation as for resistances in an electrical series:

_ nelectronic protonic _ :pprotonic Equation 29
Nonmic = Mohmic + Nonmic = IRP q

Resistance to electron flow is approximately constant over the relatively narrow temperature
range of PEM fuel cell operation, and it can therefore be considered negligible in comparison
with the proton resistance, RPT°t°™¢ [Q-cm?], which is considered as the FC internal electrical
resistance. The resistance strongly depends on the membrane’s specific resistivity, which is
difficult to be empirically expressed, as it depends on the type and characteristics of the
membrane, the operative temperature, the water content/degree of hydration of the membrane
[99], and the current density; its variation can be calculated with the empirical model proposed
by Mann’s approach [100].

Concentration losses are the result of changes in the concentration of reactants as they are

consumed by the electrochemical reaction [101,102]. They are mainly visible at high current
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densities (above 1 A/cm?), since under those conditions the reaction water is produced in large
amounts at the cathode whilst some Nitrogen, coming from the airflow entering at the cathode,
can accumulate at the anode side. These two components — N2 and water — can prevent an even
distribution of reactants on the active sites of the MEA, causing a sudden and strong increase
in losses and therefore a significant voltage loss, up to preventing the whole electrochemical
process. Eventually, these phenomena can lead to reactants starvation, a process that brings to
irreversible degradation of components such as the Catalyst Layer. This issue will be described
more in detail in Chapter 3.

Figure 14 shows the typical polarization curve of a PEMFC. This is usually given by the FC
supplier and therefore taken as a reference during operation to detect any anomalies in the
voltage value, symptom of an undesired increase in losses. Moreover, in the same figure are
shown the regions of the operative ranges where the different losses are more felt by the
PEMFC.
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Figure 14: Typical PEMFC polarization curve [103].
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3. State of art of monitoring techniques, components, and

degradation mechanisms in PEMFEC

3.1.PEMFEC performance monitoring technigues

The performance of a fuel cell can be influenced by operational parameters such as temperature,
pressure, and gas composition, as well as by factors like the presence of impurities, which
modifies the reversible potential of the cell and the polarization. The effect of temperature and
pressure on the reversible potential of a fuel cell has been deepened in Section 2.1.

The reference for measuring PEMFCs performance is usually found in the Nernst polarization
(V-1) curve, depicted at the Beginning of Life (BoL) of the FC, that is showing the trend of cell
potential at increasing current densities. The V-1 curve is usually supplied by the FC producers,
who obtain it experimentally, and has the typical trend which is described in Figure 14 [103].
Starting from Nernst's potential E°, the OCV is calculated as previously described by Equation
26 depending on operational parameters (cell temperature, partial pressure of reactants, and
product water). The theoretical cell potential is obtained via Equation 26 by subtracting losses
(Activation, Ohmic, and Concentration respectively) to the OCV, according to Equation 22.
Besides the abovementioned operational parameters, the performance in a PEMFC depends
also on the working conditions, such as the operative profile requested, reactants purity,
exposure to shock and vibrations, and of course natural aging of components. Since temperature
and relative humidity are directly involved in the amount of liquid water content in the polymer
membrane, they must be carefully controlled. Indeed, with wrong operating conditions it is easy
to incur drying or flooding, the two opposite phenomena where the water content in a cell
membrane is respectively too low, or too high. This will directly affect the proton conductivity
of the membrane and increase the Ohmic losses related to it: in fact, the membrane’s resistance
and performance rely on the correct water content. Therefore, wrong thermal-humidity
management immediately affects the FC performance, and, in the long term, it irreversibly
affects the state of health of the FC components and especially of the MEA. The direct
consequence is that, since losses may increase, the cell potential, according to Equation 22,
decreases. In fact, losses can be compared to electrical resistance, and when they increase the
overall impedance of cells increases. It is hence important to monitor the trend of cell potential
during operation, as a deviation from the reference value is a symptom of a wrong working

condition or the presence of external disturbance issues.
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Different studies have also confirmed that some external components can act as contaminants
and have temporary or permanent consequences on PEMFCs, creating damage to the
components and causing degradation. Even in the case of contamination, the most sensitive
components are the ones belonging to the MEA, i.e., the membrane and the catalyst. For this
reason, Section 3.2 will detail the degradation processes linked to them.

Since performance losses and degradation of components can be assimilated to an increase in
the Ohmic resistance of the PEMFC, degradation is usually calculated as a cell voltage loss —
in terms of mV — depending on the time of exposure (hours) to one of the stress conditions. To
this aim, the voltage measurements are taken during tests while keeping the same current
density across the cell/stack, in order to avoid any potential variation that can be referred to as
a change in the operating conditions.

Monitoring an FC during its operation is critical to different aims:

e Monitoring of the real-time performance and individuating natural aging effect.

e Diagnostic of the stressor that is causing a performance loss.

e Prognostic of the critical situations that can derive from certain parameters that are not
optimal during the FC operation.

Indeed, knowing the State of Health (SoH) of an FC device can give useful information about
the proper operation of the whole system: the online detection of wrong parameters trends (i.e.,
temperature, pressure, voltage, current, etc) can indicate issues specifically associated to one of
the operating conditions.

Besides, the cell exposure time to the fault is a key factor that determines the capability to
recover the cell performance, for most of the faults. Therefore, defining some online, real-time
corrective actions is crucial for PEMFC systems, to stop and recover a degradation process that
has recently started.

As a general guideline, the best monitoring technique should be non-intrusive, fast
individuation of faults, whose consequent resolution can prolong the useful life of the FC in a
system. There are two groups of fault diagnosis and fault-tolerant control methods:

e Model-based methods: they are complex and require an in-depth knowledge of the
multi-physical mechanisms (thermal, electrical, electrochemical, and fluidic ones) that
can occur in FC systems. These models are based on numerous parameters and their
values are difficult to estimate. Not suitable to provide an accurate/quantitative

description of the FC performances.
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e Data-driven methods: they have a good implementation simplicity as well as good
performance without profound system structure knowledge. They are supported by
efficient signal processing methods. Electrochemical Impedance Spectroscopy (EIS)
analyses can for instance supply artificial intelligence algorithms (neural networks) or
conventional pattern recognition approaches.

There are a few non-intrusive, free of external/internal disturbance diagnosis tools for
monitoring the SoH of PEMFC. The most widely known and employed is Cell Voltage
Monitoring (CVM): it is very common and can give information on the SoH of the FC for both
automotive and stationary applications. Yet, no information is provided about what parameter
in the system is affecting the cell performance while just general feedback is obtained. In
reference [104], the voltage singularities are analyzed with VVoltage Singularity Spectrum (VSS)
obtained in a non-intrusive manner: a setting of the main parameters — i.e. cathode/anode
stoichiometry rate, anode/cathode gas pressure, cooling circuit temperature, and anode/cathode
relative humidity — is prepared, containing their reference values in a range. If they exit the
provided range, a fault is diagnosed thanks to the voltage measurement and the VSS analysis.
These methods are well known and established and can operate online, but it is not always
immediate the correlation between a voltage loss and a wrong parameter. Moreover, the
reference value to be compared to online cell potential should consider cell aging and
degradation due to operation.

EIS is instead a diagnostic technique that allows measuring the impedance of the investigated
PEMFC (or even of a stack) over a large frequency bandwidth. The impedance analysis
responses show the overlapping contributions from various physicochemical processes over a
wide frequency range, including Ohmic polarization losses, Activation polarization losses, and
Concentration polarization losses throughout the whole cell. The real and imaginary parts of
the system’s impedance are calculated by letting the FC undergo an alternating current and
voltage signal, provided by an external component; usually, the obtained data is presented in a
Nyquist plot, like the one shown in Figure 15. Current and voltage perturbation signals are
tested at different frequencies; each frequency gives information about one of the sections of
the PEMFC — membrane, anode, catalyst, and cathode. EIS measurements not only can
encompass in one representation various information about the state of health of the system but,
also, can be used efficiently to highlight the influence of changes in operating conditions.
Therefore, EIS is successfully used for fault diagnosis in pattern-recognition approaches, as it

gives useful information on the presence of the fault while indicating its source. EIS is
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commonly implemented off-line, through large-size equipment, in static conditions. Usually,
the diagnosis tool consists of different steps:
e Measurable features are extracted.
e Toimprove fault classification, a feature selection based on different correlations is used
to keep only the relevant ones.

Classification is achieved, to assign each observation to one of the predefined defect

classes. The performances are evaluated on an experimental dataset.
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Figure 15: Generic Nyquist plot from the EIS analysis of a PEMFC [105].

Figure 15 shows a Nyquist plot obtained by the EIS analysis developed in [105]. It is possible
to distinguish three different arches in the figure: in the first part, where the real and imaginary
parts of the impedance value are close to zero, it is usually possible to detect the variation of
impedance linked to the anode or membrane’s properties. In the central arch, is enclosed
information about charge transfer processes linked to the cathode catalyst. Finally, the last arch
allows reaching information about mass transport processes linked to cathode diffusion.

New possibilities for EIS are rising: for example, the work by Wang et al. [106] presents the
possibility to implement an online diagnosis by EIS. The EIS in this case is obtained exploiting
the step-up converter that is usually installed in PEMFC systems, such as FC electric vehicles.
In fact, for these applications, the low-voltage and high-current characteristics of PEMFC make
a DC/ DC converter essential to increase the output voltage of the fuel cell stack and satisfy the
DC bus voltage requirements. Furthermore, the proposed 6-phase Interleaved Boost Converter
(IBC) in [106], based on Silicon Carbide (SiC) semiconductors and inverse coupled inductors,
has achieved low input current ripple, high efficiency, high voltage gain ratio, high

compactness, and high redundancy. Benefiting from these advantages, the drying, flooding, and
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air starvation conditions can be rapidly diagnosed right during operation, and the lifespan of the
fuel cell stack can be extended.

Figure 16, Figure 17, and Figure 18 show the results of the implementation of the online EIS
analysis reported in [106]. Figure 16 shows the Nyquist plot for a PEMFC total impedance
under normal operating conditions. Figure 17, instead, shows the new plot (purple line) in case
of membrane drying conditions: the real part of the impedance is enhanced, and the plot moves
on the Real axis. Figure 18, finally, shows the Nyquist plot in case of cell flooding conditions
(green line). Both the real and imaginary parts of the impedance are increased, and the plot is
displaced on the two axes.

In conclusion, to monitor the PEMFC performance different techniques are nowadays available.
All of them rely on the link between the SoH of fuel cells and the internal resistances; therefore,
they can follow two paths: i). monitoring techniques may directly measure the impedance
variation of the cell components; ii). or they can deduce it by detecting cell voltage variation
during the time. In this case, it is more difficult to predict which component is mostly affecting

the global system performance.
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Figure 16: Nyquist plot of the impedance of a PEMFC during normal operating conditions according to reference [106].
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3 Nyquist plot (Drying fault)
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Figure 17: Nyquist plot of the impedance of a PEMFC during membrane drying conditions according to reference [106].
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Figure 18: Nyquist plot of the impedance of a PEMFC during cell flooding conditions according to reference [106].

3.2.Literature review on the degradation mechanisms of the PEMFC

Fuel cell degradation and performance decay are amongst the most critical challenges nowadays
for the commercialization of FC applications. Researchers have focused on this issue to
properly understand why, how, and at which components degradation verifies and at which rate,
not neglecting the effect of operating conditions [107-115]. The main aim is to individuate the
most durable and least expensive materials for each component, to move ahead and predict the
end of life of an FC stack, and to establish the most convenient power management strategy in
an FC application to minimize degradation and total costs of operation. Improvements in these

fields will help in reducing the global cost of technology, as they should guarantee a tradeoff
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between three key factors: performance, cost, and endurance. PEM Fuel Cells can be an
alternative for energy supply and substitute for several technologies, for example, internal
combustion engines on vehicles, but there still is a need for improvements: according to the
2020 roadmap of the USA DOE, the lifetime of the PEMFCs should be up to at least 5000 hours
to be fully commercialized in the automotive industries [116,117], while this target is still not
reached: in fact the typical operative profile that would be requested to a PEMFC on a vehicle
would be very unsteady and include frequent start and stops. This condition is very often linked
to sudden humidity variations in the MEA, and thus to a deviation from the optimal working
conditions. Therefore, the lifetime of PEMFC can be reduced, preventing the reach of the
lifetime target set by the DOE.
As regards the degradation phenomenon, PEMFCs can be considered as an open reactor [118]:
as introduced in Section 3.1, their performance is affected by different external and internal
operating conditions such as non-optimal stack temperature, wrong humidity management,
materials aging (mostly membrane, electrodes or catalytic degradation) and mechanical stresses
that can be caused by shocks/vibrations as well as poor control strategies of the air compressor.
Nevertheless, natural degradation/aging is not negligible either: Yuedong Zhan et al. [119]
carried out a study on PEMFC natural degradation in 2014. They observed the performance of
a 63-cell Horizon® H-300 PEMFC stack (300 W), made by Horizon Fuel Cell Technologies,
Singapore. The MEA of cells was comprising a series connection of 63 catalyst coated
membranes sandwiched between the anode and cathode GDLs, and the active area of the
PEMFC was about 18 cm? [120]. The stack was bought in 2008, tested for 18 days, and then
left inactive for 39840 hours (more than 4 years). During inactivity, the stack was maintained
at a controlled temperature (24+1 C) and relative humidity (65£2%), without contamination
sources. Then it was employed again in another experimental campaign, where a recovery
procedure was conducted using high-frequency pulse technology and intelligent control
methods on the stack. Its effectiveness was tested by measures of the polarization curve during
the application of the procedure. The average natural degradation rate on currents from 1to 8 A
(0,44 A/lcm?) was found to be 309 mV//1000 h, which was partially recovered and brought to
170 mV/1000 h through a recovery procedure.
In summarizing, according to Schmittinger et al [80] the main issues linked to PEMFC
employment and operation that may affect the useful lifetime and long term performance are:

e Contamination of the electrodes/electrocatalyst and/or of the membrane.

e Water management: Flooding — Cathode flooding and Anode flooding — or Dehydration

of the membrane.
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e Degradation of the components by: i). corrosion of the electrodes/electrocatalyst at the
anode and/or cathode, of the GDL, of the bipolar plates and gaskets; ii). chemical
degradation of the membrane; iii). Mechanical degradation of the membrane and/or of
the bipolar plates and gaskets.

e Reactant gas starvation.

e Thermal management.

The results of a dedicated literature review are shown in the next Subsections, which have
investigated mechanisms of chemical degradation — individuating what are the poisonings to
the catalyst, to the polymer membrane, and the other components of PEMFCs —, mechanical
degradation and degradation due to real operative cycling of PEM fuel cells. The investigation
of the degradation phenomena associated with chemical and mechanical stresses is costly and
time-consuming. For this reason, Accelerated Stress Tests (AST) are usually reported in the
literature: the concentrations of contaminants, in this case, are strongly higher than the limit
values imposed by ISO 14687-2, but, in this way, researchers aim to reach the same results in
a shorter time. In the same way, also mechanical stresses, such as vibration and load variations,
are exacerbated in AST. References in the literature about long-lasting stress tests are few and
usually refer to real cases of PEMFC applications conducted by PEMFC suppliers. Full
comprehension of these mechanisms may give interesting suggestions to design control
strategies and develop recovery procedures once the degradation has started.

3.2.1. Chemical degradation

Chemical degradation can be defined as the act or process of simplifying or breaking down a
molecule into smaller parts. In PEMFCs, this process can take place in the two main
components: the polymer membrane and the catalyst layer. Different compounds can enter the
FC device during its operation and cause severe consequences on the components depending
on the constituting materials. Corrosion of balance of plant materials, dissolution of the
transition metals alloyed with Pt in the electrocatalysts, decomposition of roadside air pollution,
wrong cleansers, and the presence of salt particles in the inlet air can release ion contaminants.
Literature reveals that ionic impurities can severely degrade the lifetime of PEM fuel cells and
deteriorate their performance. Only a few research investigations have been conducted on the
techniques of studying the effect of liquid-phase organic and inorganic contaminants
originating from the BoP components’ materials. It was reported that some commonly used
materials can produce contaminants in long-term operations and thus contribute to the

deterioration of the PEM fuel cells' performance. Cleansers have also been proven to have
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negative impacts on PEM fuel cell durability [121]. On the other side, one of the most critical
ions that can affect PEMFCs' performance is chlorine. This is in fact found in the cathode inlet
air when FCs operate in shipping applications. Different studies tried to evaluate the effect of
chlorine compounds, and it resulted that sodium chlorine has not a detrimental effect on the
components of the cell, like the membrane or the catalyst. Nevertheless, if salt agglomerates it
may obstruct pipes and ducts, therefore air filtration in the marine environment is to be
considered. Some results of the studies focusing on the effects of ions on PEMFCs [122,123]
can be summarized as follows:
e NaCl, and CaCly: they do not influence during short operation times.
e A performance reduction is verified if CaCl is present at high current densities.
e CaCl; is more detrimental than NaCl, in case of long operation times.
e Some experimental results run with salt concentrations close to the levels commonly
found in the marine atmosphere reported that calcium chloride poisoning has a stronger
effect on cell voltage degradation rates [122]:
o For NaCl, at 10043 ppm, 108 hours of test at 1 A/ cm? brought a voltage decay
equal to 1.082 mV/h.
o For CaCly, at a concentration of 9391 ppm, 108 hours of testing at 1 A/ cm?
brought a voltage decay equal to 3.446 mV/h.
In general, a poisoning compound that enters the reactants' stream may in fact interact with the
materials of the components and modify their operation, either temporarily or permanently.
This is due to the intrinsic properties of the materials: from one side, Platinum — mostly
employed as a catalyst for PEMFCs due to its high reactivity that compensates for the relatively
low operating temperatures — can show a preferentiality towards other than ORR at the cathode
or HOR at the anode. In this case, contaminants create bonds with the catalyst particles and
inhibit their role as an enhancer of the electrochemical process inside PEMFCs. On the other
hand, due to the chemical structure of the membrane — that should conduct hydrogen protons —
electrically charged compounds, and in particular ions and free radicals, can act on the
carboxylic acid end group sites of the primary chain and sulfonic acid groups from the side
chain. Here below is described in detail how the chemical degradation can affect the CL, the

membrane, and other components.

Catalyst Layer

Platinum is the most widely employed material for catalyst in PEMFCs; as seen in Section 2.2,

it is embedded in a porous conductive material — the electrode — that acts as a catalyst support
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layer, and then it is disposed on the membrane in the form of small size particles, to reach the
highest possible electrochemically active area. Usually, the amount of Pt on a single cell is
around 40 mg/ cm?. Platinum is very effective with clean reactants, but it is highly expensive,
being one of the largest cost components in PEMFCs, which enhances the concerns about a fast
degradation of this material. Even though it has been possible to significantly reduce the amount
of Pt in PEMFCs, it is important to limit its chemical degradation in order to move as much as
possible away from the end of life of the whole electrochemical device. The tolerance limits
are in fact generally very low in PEMFCs, as is confirmed by the strict international standards
on hydrogen quality for PEMFCs (Limitations given by 1SO 14687-2 are reported in Table 6).
This is mainly due to the low operative temperature, and the consequent need for a noble

material for the CL.

Table 6: I1SO 14687-2 limitations on contaminants in hydrogen gas for use in PEM fuel cells.

Component Chemical Formula Limit Unit
Hydrogen, min H2 99.97% %
Total Non-Hydrogen 300 ppm
Argon Ar 100 ppm
Carbon Dioxide CO2 2 ppm
Carbon Monoxide CcO 0.2 ppm
Helium He 300 ppm
Formic Acid HCOOH 0.2 ppm
Formaldehyde HCHO 0.01 ppm
Ammonia NH3 0.1 ppm
Nitrogen N2 100 ppm
Oxygen 02 5 ppm
Water H20 5 ppm
Particulates 1 mg.kg*
Total Sulphur H>S, COS, CS,, etc 0.004 ppm
Total Halogenated Compounds 0.05 ppm
Total Hydrocarbon content ex. 5 opm
Methane
Total Methane Nitrogen & CHa, No, Ar 100 ppm
Argon

Although processes such as Pressure Swing Adsorption (PSA) can increase the hydrogen purity
ranging from 99% to 99.999% by adsorbent technology, literature reported that even ppb
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amounts of impurities can affect fuel cell performance over time; of course, standards for the
quality of hydrogen have been established (Table 6). However, if the hydrogen gas comes
mainly from hydrocarbons and the cathodic airflow is taken from contaminated areas (see
traffic urban areas), it is crucial to study how degradation rates in PEMFCs can change when
the reactants employed contain impurities, even if trace amounts.

The most critical contaminants for the catalyst layer, at the anode and the cathode, derive from
particles contained in the hydrogen stream or from the air with low quality, as found in traffic
urban areas. They are, as confirmed through the present literature review — in increasing impact

on Platinum degradation:

e CO2, NOy.
e CO.
e NHs.
e HS.

This list becomes particularly relevant considering that in case the hydrogen gas is produced by
SMR - the most employed technique nowadays since it represents a good balance between low
fuel cost, low GHG emissions (Carbon Capture and Storage — CCS — is possible), and low
Criteria Air Contaminants emissions — its initial composition before purification is, as reported
in Table 7 [124]:

Table 7: Hydrogen gas composition after production by SMR process.

Component H> CO | CO2 | N2 | CH4
Percent [%] | 94.3 | 0.1 25 0.2 29

All the named contaminants can create a strong chemical bond with the catalyst and, therefore,
occupy the electrochemically active sites of the cell, decreasing the efficiency of the ORR and
HOR processes. These two reactions are defined as multi-electron multi-step. There are two
models, associative and dissociative, proposed in the literature to determine electro-reduction
of oxygen with Pt sites. In the dissociative model, the first step involves dissociative

chemisorption of oxygen occurring with charge transfer at the same time:

Pt + %02 +e -M-0" Equation 30

Contaminants instead affect the reaction depicted in Equation 44, occupying the catalyst layer
and poisoning the cathode side of the PEM fuel cell. Moreover, contaminants can permeate
through the membrane and therefore affect the catalyst also on the anode side. The problem

with catalyst poisoning and chemical degradation is linked to the fact that contaminants in
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cathode air get chemisorbed on the Pt layer, occupying the catalyst sites, and decreasing the
surface available for ORR. Consequences can be seen on:

e Average current density.

e Maximum power output.

o Diffusive polarization.
The effects and irreversibility of Pt degradation strongly depend on many factors; in particular,
the most influent ones are the following:

e Contaminant concentration (usually measured in ppm or ppb).

e Exposure time.

e Temperature.

e Current density.

e Stack dimension.
Once the chemical degradation process on the catalyst layer is started, it results in a decrease in
the chemically active area. This is due to two reasons: first, the fact that active sites are occupied
by contaminants; secondly, the Pt particles found in wrong conditions may migrate, sinterize,
and aggregate (Figure 19). Bigger particles are thus created, with a smaller active area.

Eventually, HOR and ORR have the least chances to be verified.

(a) (b)

Figure 19:Effect of chemical degradation on Pt particles: sintering and aggregation [125].

Polymer membrane

The polymer membrane is one of the most important components in PEMFCs.

Chemical failure, which takes the form of damage to the ionomer and diminished membrane
integrity and conductivity, has been extensively studied by a significant number of researchers.
It is usually caused by ions in general and by the free radical attack, that is generated in the
course of hydrogen peroxide decomposition on the cathode side, by cationic contaminants, or
by the reaction of hydrogen and oxygen at the Pt catalyst [126,127]. In the literature, there are
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no results about the effect of external contaminants on the membrane. Indeed, poisoning
compounds that affect the catalyst layer are likely to cross the membrane, if they do not first
bond with the Platinum particles themselves, due to the electronic charge of the molecules.
Therefore, those compounds do not affect the membrane. What act on the polymer membrane
are the substances such as ions and free radicals. Many factors contribute to the chemical
degradation of polymer electrolyte membrane including changes in the potential and operative
temperature, transition metal ions contamination, and reactant gas crossover. These factors can
indeed directly or indirectly increase the risk of radical formation and attack on the MEA [128].
Hydroxyl -OH and hydroperoxyl -OOH oxidative radicals form either at anode or cathode by
decomposition of hydrogen peroxide (produced from a two-electron oxygen reduction —
electrochemical generation) via transition metal cations, or by a thermal process. They are also
formed by the direct reaction of H> and Oz on the surface of Pt catalyst as a result of gas
crossover through the membrane [129]. The reaction of oxidative radicals such as -OH and -
OOH with the polymer electrolyte is known to be the main cause of chemical degradation.
Radical attack acts on the carboxylic acid end group sites of the primary chain and sulfonic acid
groups from the side chain [128-130]. This process can in fact induce a change in the ionomer’s
morphology and eventually decrease its ion exchange capacity. Such a fact diminishes its proton
conductivity in the earlier stages and leads to a less durable material in advanced stages. lons’
contamination will act similarly, as the ions will occupy the carboxylic acid end group sites and
the sulfonic acid groups, leading to a degradation of the membrane, a decrease in conductivity,
and the formation of small pinholes, where the direct reaction between oxygen and hydrogen
may take place. This process will further degrade the membrane, due to the high temperatures
generated and the consequent increase in pinholes size and number. It is important to underline
that radical formation is not evitable, and it is part of the natural aging of the membrane’s
polymer. Nevertheless, free radicals’ formation is enhanced by temperature and potential
changes: for this reason, it is so important to have a precise control system and an adequate
operation strategy with PEMFCs. The operation should be kept as stable as possible and the
water management must be able to minimize hydration/dehydration swings, control radical’s
formation and keep as low as possible the membrane swelling/shrinking process due to the
change in its water content. Adequate water management combined with the use of a membrane
reinforcing material can minimize the chemical degradation of this component. Eventually,
pinholes formation and chemical attacks will cause membrane thinning and failure.

The most frequently reported evidence for radical attack and chemical degradation is fluoride

release and membrane thinning. Another important consequence of chemical degradation is
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dehydration of the membrane, resulting in a decrease in proton conductivity and the
corresponding increase in ohmic loss. The thinning and divot generated in the PEMs are the

main results of chemical failure.
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Figure 20: Different contributions to membrane’s chemical degradation [131].

Other components

Other components of PEM fuel cells are not subjected to chemical degradation as they are
usually made of metallic components that are not exposed to detrimental conditions. However,
the cooling circuit, very crucial to thermal-humidity management, reaction kinetics, and
membrane stability [132], can operate in harsh conditions depending on its design and the
coolant employed.

The main problems with the cooling circuit don’t depend on contamination by external
contaminants. Indeed, there are no issues linked to external-to-cooling contamination found in
the literature: the fluid employed for cooling doesn’t contact the most sensitive components of
PEMFCs. Nevertheless, issues from cooling can be verified on the FC stack, and these will
have an indirect consequence on the thermal and humidity control. Some problems can be
arising from leakages and the electrical conductivity of the fluid. While there are no leakages
problems in the case of air cooling, liquid cooling (usually obtained with a water and glycol
mixture) can see the effect of increasing the electrical conductivity of coolant, which is
undesirable in an electrochemical reaction-based device. This is since the generated electricity
polarizes the coolant due to the electric field created, eventually causing an electricity leakage
through the coolant; the highly electrically conductive coolant can shortcut the cells, causing
PEMFC stack degradation and performance loss: coolant conductivity can create electrical
bridges where it is possible to verify short circuits among the cells. In this case, the current
could not take its normal pattern across the bipolar plates, but it would pass from the cooling

flow channels that electrically connect the single cells. This event causes a decrease in the total
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output voltage from an FC stack and parasite currents that are dangerous for the stack.
Therefore, if liquid cooling is chosen to remove the excess heat from the PEMFC, criticalities
arising from water conductivity must be considered and avoided. Water and glycol should be
deionized, and their conductivity should be constantly monitored during operation to avoid
incurring irreversible damages eventually.
As a rule, to avoid damages deriving directly from the cooling circuit it is advised to [43]:

e Employ deionized water as coolant.

e Install deionizing cartridges.

e Adopt constant monitoring of the coolant conductivity during operation.

3.2.2. Mechanical degradation

Performance reliability and mechanical integrity are some of the main bottlenecks in the mass
commercialization of PEMFCs for applications in harsh environments such as the automotive
and aerospace ones: the mechanical degradation of PEMFC’s components and exposure to
vibrations are deepened in this Section. Mechanical degradation is usually due to:

e The inclination of a PEMFC stack during operation.

e To dynamic operating conditions.

e To the exposure to vibration.
In these conditions, the degradation is mainly verified on the catalyst layer, the polymer

membrane, and assembly components and their materials.

Stack inclination

The effects of inclination of the operating PEMFC stack are yet to be faced in dedicated
experimental studies. The lack of regulation on how to install the device on the different
applications has delayed the experimentations on the topic, and nowadays there is no standard
protocol yet that concerns the inclination allowed by a stack to keep a good performance during
operation. Only recently, some studies have been born to define the inclination that an FC
system must tolerate if, for instance, it is installed on board a ship [133]. However, the research
on inclination effects has just started and there is no precise advice nowadays. Some PEMFC
stack suppliers install their technology inclined or even in the vertical asset on purpose, to drain
excess water.

As a general consideration, some operative problems can be verified if the stack inclination is
not suitable for the stack design — specific for every FC supplier depending on the stack
assembly. In fact, the water produced at the cathode can accumulate and become difficult to be
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removed if the exhaust channels are not properly designed, causing the flooding phenomenon.
Long exposures to flooding conditions result in damages both:

e Tothe membrane, due to the reduction of the active area for proton conductivity, which
decreases its efficiency and creates a local increase in temperature. This process of hot-
spots creation leads to pinholes formation, through which direct O2-H» reaction is
verified, bringing to an eventual membrane mechanical failure [134]

e To the catalyst, as the excessive water presence contributes to its mechanical
degradation in the forms of dissolution, migration, and aggregation, as already
described in 2.2.2. Eventually, the increased-size Pt particles have a lower active area
that results in a performance decrease, especially for the oxygen reduction reaction.
These processes are enhanced by high operating temperatures and high potentials and
explain why PEMFC suppliers usually advise against working in similar conditions,

unless for a very short time.

Dynamic operating conditions

Unsteady operating conditions will directly influence the temperature variability and the water
management. Repeated high/low relative humidity variations cause a continuous alternating of
swelling and shrinking of the polymer membrane, due to changes in water uptake. Again, this
leads to the membrane’s mechanical failure by pinholes and cracks formation on the polymer
itself. Therefore, strongly exothermal O2/H: direct reactions can be verified, bringing to
definitive failure of this component: for this reason membrane’s material must have a good
thermal and chemical stability to limit the effects of this kind of mechanical stress. Membrane
aging cannot be completely avoided, but it can be minimized using reinforcing materials — such
as a porous conductive catalyst support layer — and having adequate water management. This
topic will be faced in Section 3.2.3, to deal with all the implications of dynamic operation for a

PEMFC and not only from the mechanical degradation point of view.
Vibration

Among the main reasons for mechanical damage in PEMFCs, for transportation applications,
are road-induced vibrations and impact loads; the most vulnerable site of the cells, instead, is
the interface between the membrane and the catalyst layer [135]. For safety reasons, as well as
for the FC performance, the electrical insulation of FC stacks must be guaranteed, and the

hydrogen leakage rate should be minimal.
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Many researchers have studied the effect of harmonic vibration on the mechanical stability of
non-operating stacks and their components [84,136-141], but yet investigation is needed on the
effects of vibration on operating devices [142], with random vibration, and in the case of shock.
The fuel cells integrated into vehicles are continuously subjected to mechanical vibrations
ranging from 0.9 to 40 Hz, always below 100 Hz [142], with a maximum amplitude of 0.95¢g —
where g is the acceleration of gravity. The verification of shocks and vibration to the fuel cell
in transportation applications could bring different issues, among which the most impacting
include clamping torque loosening, hydrogen gas leakage, increased electrical resistance — in
particular, the Ohmic one — and eventually structural damage and breakage.

The effects of vibration on liquid water transport of PEMFCs during operating conditions were
studied by Breziner et al in [143]. They exposed an operating PEMFC to a harmonic vibration
with frequencies of 10, 20, and 50 Hz, and acceleration levels of 2 g, 3 g, and 5 g. The study
reported an overall decay of the FC performance up to 6%. Nevertheless, the real-world
excitations are often better modeled by random vibrations instead [141]. This is particularly
true when it comes to automotive and aerospace applications. Banan et al. [136] investigated
the combination of hygrothermal cycles and external vibration on a 9 kW stack (90 cells) for
250h. Compared with the performance before the vibration test, the rated voltage of the stack
decreased by 3.58% and the voltage decay rate was quantified at 0.77mV/h. Moreover, the OCV
decreased and the Ohmic resistance increased by 5.36% as well as the mass transfer losses,
which showed an increasing trend. They concluded that strengthened road vibration has a
significant influence on degradation.

One of the most rigorous experimental studies found in literature in the context of vibration
effects on PEMFCs is the one described by Imen and Shakeri [144], who studied the effects of
short-term and long-term exposures of PEMFCs to random vibrations. In the study, they
subjected a 36-cell stack with a rated power of 500 W to random vibration for 2 hours in
operating mode, and for 44 hours in non-operating mode. The random vibration was based on
military standard (MIL-STD-810) with a frequency range of 10-1000 Hz and with a 1.5 g root-
mean-square (rms) acceleration level. During both short and long exposures, the performance
of the FC stack was assessed at different time intervals, compared to its polarization curve,
while hydrogen leakage and clamping torque were observed. The results showed that, in the
short run, the mechanical loads do not affect the system performance and reliability;
nevertheless, exposure to random vibration, in the long run, degrades the system performance.
The 44 hours of exposure to random vibration in fact reduced the FC power by 6.6% and also

increased the hydrogen leakage by 1% at the constant current of 10 A. They deduced that
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loosened clamping bolts caused increased hydrogen leakage and ohmic losses, and thus resulted
in performance degradation.
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Figure 21: Results of the vibration long-term vibration test on a PEMFC stack as reported in [141].

A more systematic set of experiments was implemented by Hou et al and is described in
references [139,140,145-147]. In all the papers, real-world excitations were employed in the
experimental campaign. They first excited an actual vehicle with standard road conditions in
the laboratory thanks to a six-degree-of-freedom shaker, and then they measured the transmitted
acceleration signals to the PEMFC installed on the vehicle. Next, they excited the PEMFC on
a shaker with the measured acceleration signals. The goal of all the studies was to investigate
the effects of long-term vibration on the performance of PEMFCs used in passenger cars. In all
their experiments, PEMFCs were not in operation during the vibration tests. In every test, they
obtained drops in the open-circuit voltage and increases in the Ohmic polarization, with
consequent performance degradation.

As regards assembly components and their constitutive materials, vibration tests in the literature
do not underline significant issues, except for a minor torque release at the bolts. Therefore
spring suspensions were suggested in some studies [138]. Ahn et al.[142] found that the loss
factor of the torsional stiffness depends on the stack configuration and that it influences the
resonant vibration amplitudes. Nevertheless, by selecting the correct material damping of the
bipolar plate and membrane, the amplitude of the torsional mode of the PEMFC could be
controlled.

However, the results of vibration tests found in the literature are globally inconclusive: some

studies have claimed considerable negative effects on the PEMFC performance: exposure to
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vibration exacerbates the mechanical stress and enhances the flooding phenomenon (by droplets
merging and interference with the mass transfer process). On the other hand, studies by different
authors claimed negligible effects; a few studies even suggested the possibility of using
vibration for improving the FC performance [148]. This suggests that most of the studies are
case-dependent and not generic, so the results and conclusions can vary from one case to
another. Besides, tests on cells under different conditions (exposure time, temperature, current,

etc) are difficult to be compared, and a test protocol is missing even in this case.
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Figure 22: Gradual results of a prolonged vibration test (total duration of 250 hours) on a PEMFC, considering the effects
observable on the polarization curve, as described in reference [147].

Focus on the Polymer membrane’s mechanical degradation

The mechanical degradation of the membrane may result from the local stress concentration,
such as unbalanced pressure at the anode and at the cathode, which affects the mechanical
integrity of the polymer. The latter is in fact a thin sensitive film, and it can be weakened if the
pressure at the two sides is significantly different — both under stationary and dynamic load
conditions. Besides, mechanical stress variation on the constrained membrane is detrimental,
under the alternating swelling and shrinking in response to the changes in water content and
temperature, which are typical of a non-stationary operating profile. In this case, the dynamic
energy demand implies repeated high-low relative humidity cycles, which are reflected on the
temperature profile and on the water content that can increase free radicals’ formation and lead
to severe chemical degradation, as explained in Section 3.2.1. Exposure to vibration can instead
exacerbate the membrane degradation process, particularly in conditions of unbalanced water

presence and if the exposure time is prolonged. As a result, material fatigue, creep and the
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generation of wrinkles, delamination, pinholes, tears, or cracks are initiated and propagated on
the surface or across the bulk of the membrane, which would be exacerbated by inherent defects
in the membrane that may be occurring during the fabrication process or the improper assembly
of fuel cell stacks [149]. Liu and Case's [150] results show that in the system under observation,
hydrogen crossover is the primary source of degradation after 500h of operation. Although
PEMFC mechanical failure is considered to have the highest occurrence potential and is
regarded as the main cause of fuel cell failure in the early period of the cell's lifetime [151,152],
a comprehensive understanding of this type of failure is lacking. The mechanical failure of the
membrane, such as that resulting from a pinhole or crack, provides a passage by which the
hydrogen and oxygen mix and which can trigger a combustion reaction and thus a high heat
spot, leading to instantaneous performance decay and the failure of the fuel cell. In particular,
recent stacks have been designed to use especially thin membranes to minimize Ohmic losses
and enhance proton conductivity [149]. Therefore, the membrane's mechanical integrity and

durability have emerged as an even more critical challenge.

3.2.3. Degradation due to operative cycling

Besides degradation due to materials corrosion and contamination, the operative profile
followed by the FC system is crucial to determine the degradation processes and the effective
useful life that the FC will benefit from. Actual working conditions in PEMFCs can influence:

e Temperature.

e Water generation.

e Free radicals’ formation.

Four working conditions strongly affect the catalyst, influencing the lifetime of PEMFCs, and
they are typical in the automotive field; Moein-Jahromi et al. [153] have described these
conditions as:

o Idling operation: it is verified when a little and constant load is drawn for a prolonged
time from the PEMFC —i.e. an auxiliary load. Nevertheless, idling operation at constant
voltage ensures a longer lifetime than idling at fluctuating voltage. Wilson et al [154]
demonstrated that idling operation at lower voltages has a slighter decline effect on the
electrochemical surface area at the anode and cathode sides, acting on the stability of
the catalyst.

e OCV operation: in this case, the current density in the FC stack is zero while the
potential at the two cell sides is very high. This condition is usually verified immediately

before the shutdown procedure or exactly after the startup of the PEMFC,; therefore,
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during the whole lifetime of an FCEV — considering the 5000 operating hour target for
FVEV by DOE - this phenomenon can be verified for up to 100 hours [155]. Idling and
OCV operations (that usually correspond to a cell potential around 0.75 and 0.95 V,
respectively) were tested by Ferreira et al [156] for 2000 hours each, resulting in a
decrease of the electrochemical surface area from 75 m?/gPt to 40 m?/gPt for idle and
from 75 m?/gPt to 15 m?/gPt for OCV operation.

e Cyclic load: this is the most frequent and probable transient operation for an FC Electric
Vehicle (FCEV) and has been studied through many AST, with increased attention to
the catalyst degradation [156-165]. The transient operation of the PEMFCs has
considerable effects on Platinum particles agglomeration, dissolution, and
consequently, on the electrochemical surface area decline [155]. It was also found a
close correlation between enhanced catalyst degradation and the increased temperature
and relative humidity of reactants, during cyclic operation [166-169]. Moreover, it was
proven that higher amplitudes of the cyclic load produce a stronger catalyst decline.

e Cyclic start-stop: the instantaneous condition induced by starts and stops leads to filling
the anode with hydrogen and air at the same time, increasing the local interfacial voltage
to up to 1.5 V —a very dangerous condition for the catalyst, considering that, according
to Garche et al [155], a PEMFC in an FCEV could be exposed to these cycles around
38500 times in its lifetime. A proper procedure should be implemented in the control
system to limit the detrimental effect of this operating condition.

Several studies and models have been developed in the last years to understand and quantify
the effects of these four working conditions on voltage decay. Both long-term experiments and
AST have been implemented on PEMFC stacks, achieving interesting results. ASTs in fact
reproduce subsequent operating conditions that strongly affect the state of health of the FCs;
therefore, they can differ from the real running conditions that a PEMFC should manage.
Nevertheless, ASTs have the advantage of increasing the sample range and thus they reduce the
experimental time required. Therefore, several fuel cell developers and companies — like
Ballard Power Systems, DuPont, Gore, and General Motors — proposed and implemented
different ASTs to determine the durability and the performance of PEMFC components,
depending on the operating conditions. Indeed, even though the prolonged operation is more
similar to the real running conditions and thus reliable, it will increase both time and costs of
testing and therefore may not be feasible.

As regards thermal cycling degradation, Dubau et al. [170] performed in 2015 tests for 12860
hours in a “quasi-stationary” mode, on industrial PEMFC stacks (55 cells in series) by AXANE
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using proprietary state-of-the-art membrane-electrode assembly from commercial providers.
The industrial stacks were operated without an impacting load-cycling, but with 250 starts and
stops. Dry hydrogen in dead-end mode and humidified air (around 65 %relative humidity) fed
the stack at a stoichiometry of around 2-2.5 (depending on the test), and the stack temperature
was around 65 + 5°C. They observed that there was a different degradation rate on cells
belonging to the same stack, and it was mainly due to the hardware and fluidics/thermal
conditions of AXANE’s PEMFC systems, demonstrating the link between the global
Membrane-Electrode Assembly performance and the existence of local degradations. The
average voltage decrease after 12860 hours at 0.25 A/cm? was quantified in 15 mV/h and as
31 mV/h at 0.5 Alcm?.
Chen et al. [171] took the real data from an FC bus employed for one year during Beijing
Olympic Games, in 2008; the bus was equipped with a 100-cell stack supplied by Shangai Shen-
li High Tech Co., Ltd, with a 274 cm? effective area per cell (the rated power was 10 kW, while
the rated current was 100 A, operating at a temperature of 60 °C and atmospheric pressure).
The stack operated with a stoichiometric ratio of hydrogen equal to 1,1 and a stoichiometric
ratio of air equal to 2,5. Then, they took another PEMFC stack with the same characteristics
and simulated a one-hour driving cycle on it, based on the real running data previously obtained
— the data acquired during the FC bus running in 2008 — about the average start-stop cycles
during one hour (nl), the average idling time per hour (t1), the average load change per hour
(n2) and finally the average high power load operation time per hour (t2). Chen et al. called
these parameters (n1, t1, n2, t2) the “load spectrum” of the driving cycle, which results to be
for the FC bus in one hour:

e nl=1.

e 1t1=13 minutes.

e n2=56.

e t2=14 minutes.
Following a simulated simplified operative profile, they predicted a degradation rate that
resulted equal to 0.0266 mV/h. Four tests lasting 50 hours each were performed, testing the
degradation rate, and then during the fifth test, the voltage degradation was calculated. The
degradation predicted by the model fitted the real degradation obtained during the tests,
demonstrating that 200 hours are enough to finish a test and deduce voltage degradation rate

under any driving cycle, assuming that the voltage decays linearly with time. Besides the
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average degradation per driving cycle, Chen et al. reported the values of voltage degradation
per operating conditions, shown in Table 8:

Table 8: Values of voltage degradation per operating conditions as estimated in [171].

Operating conditions Voltage degradation rate
Start-stop 0.138 mV/cycle
High power load 0.1 mV/h
Idling 0.086 mV/h
Load change 0.0042 mV/cycle
Total driving cycle 0.42 mV/h

This study verified that start and stops are critical states for a PEMFC, causing the highest
degradation rate. Frequent start-stop cycling causes an instantaneous condition which leads to
filling the anode with hydrogen and air at once, increasing the local interfacial voltage that can
reach values as high as 1.5V, a very dangerous for the catalyst layer lifetime. Moreover, this
study is a good start to modeling the degradation of the catalyst layer. Similar values of voltage
degradation were adopted in the work by Pouria Ahmadi et al. [22]: considering a voltage
degradation rate of 0.0265 mV/h and hydrogen production by SMR, the authors demonstrated
the lifecycle convenience of FCEV with respect to gasoline ones, in four different driving
modes, both in terms of emissions and of fuel economy. The analysis also considers an option
for regenerative braking.

M. Moein-Jahromi et al. in reference [153] created two models that, if coupled, calculate the
catalyst’s performance during the time and at different operating conditions, number of cycles,
and types of cyclic load. These models are based on inputs from the references [167,172-174]

and [http://www.fuelcellstore.com/toray-carbon-paper-060/] and, as demonstrated in the study,

the results strongly depend on the electrochemical area available and the Platinum agglomerate
radius. The output of the models is a Voltage Degradation Rate (VDR), which is a percentage
value concerning the initial voltage value at the same boundary conditions (temperature,

pressure, current, relative humidity, etc), calculated in Equation 31.:

N
VDR% = <1 _ Veeu ) +100 :
0= yN=-0 Equation 31

cell

In the first model, a parametric study is performed at the current density of 0.8 A/cm? for 1000,
2500, 4000, and 5500 numbers of cycles (N) under standard conditions (60 °C, relative

humidity 100%) and the results are validated with the experiments of references [159,167]. In
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the second, a cyclic load protocol is implemented through a cyclic square-shaped voltage signal

with maximum and minimum voltage of Vmax=1.2 V and Vmin=0.6 V; a cycle is repeated every

At=60 seconds and a sensitivity analysis is performed to rank the most influential parameters

on the VDR%: temperature, Relative Humidity (RH), pressure, the minimum and maximum

voltage of cyclic load protocol. The results are summarized in the following table:

Table 9: Rank the most influential parameters on the VDR% according to [153].

Rank | Parameter | Range studied | Optimum value | Change in the VDR%
- 0,
1 T[°C] 60-80 60 34,53-14,27% after 2500
cycles
- 0,
2 Vinin [V] 0.2-1 1 27,12-12,41% after 5500
cycles
- 0,
cycles
- 0,
4 Vinax [V] 1-1,2 1 14,27-10,27% after 5500
cycles
- 0,
5 P [atm] 2.4 4 10,51-9,10% after 5500
cycles

In the study by Thangavelautham et al. [175], the lifetime of a PEMFC was compared, through

the application of a degradation model that they developed, under different stressing operating

conditions. The model allowed to calculate the effect of voltage oscillation amplitude (Figure

23) on residual cell life.
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Figure 23: Percental reduction in PEMFC useful life depending on the oscillations verified on cell potential during
operation, according to reference [175].
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The results show that as the amplitude of voltage oscillation increases, the previewed life
reduction is increased, pointing out that constant load operation is less affecting the predicted
lifetime of PEMFCs.

Due to the operative constraints in load intensity and variation, hybrid systems made up of a
PEMFC coupled with a battery are under investigation as they show many advantages,
especially in automotive applications, to mitigate the effects of harmful operative states on the
MEA. Adopting this solution, the useful life of the system can be prolonged: a Power
Management System (PMS) must supervise the load sharing between the components; its
strategy can balance the load demand and protect the PEMFC technology from catalyst
degradation. The studies presented in the literature show a similar approach, which is to let the
FC work as much as possible at a constant load while the battery has the role of covering the
load peaks — when they overcome the FC power — while it is charged by the FC when the load
request is lower than the FC power rate [31,33,34,176,177].

Table 10 contains the values of degradation associated with operating conditions of low power
operation (idling), high power operation, transient loading, and start and stop cycles. These
values have been employed in a study by Fletcher et al. [131] to implement a degradation model.
Of course, the values can vary depending on the technology and the assumptions on boundary
conditions and magnitude of low/high/transient operation; however, it is important to note that
results agree with the ones reported in [171] on the harmful impact of Start-Up/Shut-Down
(SU-SD) cycles: the degradation effect — measured in terms of voltage decay rate — associated

to one SU-SD cycle compares in fact to two hours of operation at low power (and thus high cell

potential).
Table 10: PEM fuel cell degradation rates (per cell) under different operations, according to reference [131].
Operating conditions | Degradation rate
Low power operation 10.17 uV/h
High power operation 11.74 uV/h
Transient loading 0.0441 puV/AKW
Start/stop 23.91 uVlcycle

Considering that usually around 10 seconds are needed to complete the SD procedure, and that
—as reported in [149] —a PEMFC installed on an FCEV could be exposed to these cycles around
38500 times in its lifetime, it results that the technology could in normal operation be subjected

to this condition for more than 100 hours during its lifetime [155]. This enhances the importance

58



of implementing a good SU-SD procedure via the control system, to mitigate its effect on
materials’ degradation.
During SU, a local gas mixture is formed at the anode, and it is usually called hydrogen/air or
hydrogen/oxygen interface: an amount of air permeates from cathode to anode when the cell is
not operating and is therefore mixed with hydrogen during the start-up phase. Hydrogen/air
interface leads to a reduction reaction of air in the anode, generating a high potential and leading
to the corrosion of carbon carrier in the cathode catalyst layer: this phenomenon is called reverse
current. Platinum particles fall off the catalyst surface, reducing MEA’s active area, and
therefore the performance of the FC gets worse. In addition, the uneven distribution of reactive
gas — consequent of the air permeation to the anode — can lead to fuel cell degradation due to
local starvation. Even during SD, a hydrogen/air interface is created, due to air permeation and
diffusion. The high interfacial potential generated can oxidize the catalyst’s carbon support to
carbon dioxide or even to carbon monoxide, which will disable the platinum catalyst. These
processes are the major cause of performance degradation of the PEM fuel cell system during
the SU-SD process [178].
SU-SD can be unavoidable, especially if the PEMFC technology will be installed on transport
applications; therefore, some studies focused on mitigation strategies for SU-SD cycles.
Generally, these strategies aim to avoid the creation of the hydrogen/air interface and to limit
the consequent cell exposition to high potential values, through:

e Alternative catalyst support materials, more resistant to corrosion or without carbon

(i.e., indium tin oxide).

e Electrical short, to eliminate the high potential developed at the cathode.

e Exhausted gas recirculation, to consume the residual oxygen in the cells.

e Use of an external auxiliary load to help the discharge of residual gas inside the cell and

inhibit high potentials.

The use of an auxiliary “dummy load” has indeed successfully been employed by different
automotive companies [178]. They demonstrated significant mitigation of carbon corrosion
with the application of the dummy load under all conditions, especially during the shut-down
procedure. This could be explained by the promoted additional oxidation of hydrogen during
the displacement of the hydrogen/air interface.
Table 11 summarizes the main results of the literature review on the degradation mechanisms
that can be verified in a PEMFC:
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Table 11: Summary of the main causes and effects of the degradation of membrane and catalyst in the PEMFC.

Degraded Process Cause Effects
component —_ —_— —_—
Expos_ure to Pinholes formation, cracking
: shock/vibration
Mechanical Reduction of membrane active area
degradation Incorrect water . !
local temperature increase (hot spots),
presence i
membrane cracking
Exposure to ionic Reduction of active sites and
Membrane Chemical compounds efﬁmenpy of prot_on e>_<change
. Reduction of active sites and
degradation Exposure to free -
. efficiency to proton exchange,
radicals .
chemical attacks to the polymer
Cyclic load: Swelling and shrinking of the
Mechanical + unstable membrane leads to pinholes formation
chemical temperature and | and cracking; increase in free radicals
humidity presence and chemical attack
Mechanical Incorrect water Sintering and migration of Pt
degradation presence molecules, reduction of the active area
. . Development of chemical bonds
Chemical Contaminants :
degradation presence between _Pt and contaminant,
Catalyst reduction of active sites
. Cyclic load: Enhancement of Pt sintering and
Mechanical + unstable L .
. migration, reduction of the
chemical temperature and . .
-~ electrochemically active area
humidity

3.3.Results of the literature review: definition of a degradation map for

catalyst poisoning

While it is important to limit the inlet of contaminants, it may be difficult due to the intrinsic
properties of hydrogen and air employed as the fuel. This is why it is crucial to quantify the
effect of contaminants during the time and to distinguish the consequences implied by the ones
deriving from the operative conditions applied.

Many studies have demonstrated that the catalyst can be poisoned by external contaminants —
present in the hydrogen if produced from fossil resources, and in the air if it is taken from
polluted areas such as traffic urban areas or engine rooms — which then enter the fuel cell
through the anode and/or the cathode inlets [107,124,179-199]. If catalyst degradation is
verified, the achievable cell voltage can decrease permanently, causing a significant
performance loss. The results of the literature review on catalyst poisoning shown in this
Section have merged with the results available in the international scientific research and State
of Art (SoA) on catalyst degradation by poisoning, allowing to obtain the generic effects on the
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cell voltage. Literature results have been collected, analyzed, and compared, aiming to define
an analytical tool to predict the cell voltage degradation depending on the environmental
conditions due to reactants.

Hydrogen quality must be high and compliant with different international standards: thirteen
gaseous contaminants must be monitored according to 1ISO 14687:2019 [200] (Table 6), SAE
J2719:2020 [201], and EN 17124:2019 [202]. The common substances that are most dangerous
to the catalyst at the anode side are carbon monoxide (limit: 0.2 ppm), sulphur compounds
(limit: 0.004 ppm), ammonia (limit: 0.1 ppm), nitrogen compounds, and hydrocarbons in
general (total limit: 100 ppm) [189,203]. The most detrimental pollutant that may reach the CL
through the cathode side is in general the air contaminants (the ones found in traffic urban areas
such as particulate, naphthalene, acetylene, ozone) as well as carbon, nitrogen, and sulphur
oxides [193,195,204-208]. According to the United States Environmental Protection Agency
(EPA), the nitrogen and sulphur dioxide presence in the air has been following a decreasing
trend during the last 40 years, with an average concentration nowadays respectively between
0.050-0.035 and 0.035-0.010 ppm [209]. As regards sulphur dioxide, its average concentration
in the air could already be detrimental to the CL, considering the related restrictions applied to
the hydrogen gas. Yet, some concentration peaks can be verified in traffic areas, also depending
on the environmental conditions (wind speed, precipitations). This is, in particular, relevant for
other pollutants, such as carbon monoxide, which can reach a concentration up to 3.1 ppm in
traffic areas during rush hours [210], while its content limit in hydrogen gas is set at 0.2 ppm.
Since the main component of the CL is the same, the most dangerous poisonings components
are similar on the two cell sides. Moreover, the air contaminants may also permeate through the
membrane and reach the anode’s catalyst, increasing the effects of chemical degradation due to
contamination and partially nullifying the strict regulations on hydrogen quality. lonic
substances — such as chlorine — should be avoided in the reactants’ flows, too. However, they
are usually more detrimental to the polymer membrane, as they tend to create bonds with the
end part of the membrane’s acidic chains and are therefore not deepened in this study.

While hydrogen quality is accurately monitored before the use in PEMFCs, on the other hand,
it is more difficult to control the quality of air entering the cathode, considering that it strongly
depends on the application and the use context (i.e., vehicles, shipping, stationary applications).
This results in no internationally shared standard definition of air quality for PEMFC.

Many scientific reports have studied the effect of specific contaminant species on the
degradation of the catalyst, but poisoning studies mostly consider just one species at a time.

Also, the effect of contamination coupled whit dynamic operating conditions is yet poorly
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investigated in the literature, while it is a relevant topic: contaminants show different effects
depending on operating temperature, pressure, potential, exposure time, contaminant
concentration, etc. This confirms that research is still needed to make assumptions close to
reality. Finally, contamination studies in the literature never follow a testing protocol. This
increases the difficulty of defining a trend in the effect of a specific poisoning compound and
of comparing it to others.

While the effects of catalyst contamination can be similar on the two cell sides, they instead
have a very different intensity depending on the test conditions. Among the most influencing
concurring parameters to CL contamination, recent literature has underlined the relevant effect
of exposure time, contaminant type, contaminant concentration, and current density. For this
reason, the results shown in this Section have been obtained by focusing on these four aspects
linked to CL degradation by five contaminants: CO, H.S, NHsz, NO2, and SO,. Among the
results available in the literature, only the ones related to a single PEMFC under stress tests
have been considered, to obtain a more reliable comparison between results. On the other hand,
as contaminants and materials are similar at the anodic and cathodic sides, and considering the
membrane permeability to the contaminants, these results have been analyzed together. Both
AST and Long-Lasting Tests (LLT) have been considered. The firsts (which involve high
contaminant concentrations and short time) are usually more convenient from the economic and
time demand point of view; however, they differ from real operative conditions and can give
misleading information. Indeed, Platinum poisoning after a certain time tends to reach an
equilibrium point, where associative and dissociative reactions with the contaminant are almost
even. Thus, the degradation effect results smoothed if observed in the long term. However, both
AST and LLT are considered in this Thesis, to identify the minimum time a test should last.
To understand the effect of contaminants under different test conditions, a deep literature
investigation of experimental results has been carried out. Different articles have been found,
which reported the results of experimental activities concerning CL poisoning effect
quantification. The presence of CL degradation can be usually detected by a voltage reduction.
Therefore, to estimate the degradation level, it is useful to evaluate the voltage reduction
measured at the same current density. For this reason, only the articles containing the evaluation
of voltage reduction have been considered for the present work, and the authors which had
instead defined a current reduction at a given voltage value, difficult to be compared, have been
excluded.

The Equations hereby described (from Eq. 32 to Eq. 36) are the resulting method proposed by
the Author to quantify degradation and make it comparable among different contaminants while
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considering the operative conditions (contaminant concentration, exposure time, current
density).

On a first attempt, a percentage voltage decay Vp has been computed for the results found in
the literature. This is obtained with Equation 32, comparing the baseline cell voltage defined in

the respective publication to the cell voltage measured after the stress test:

Vbasetine — Vafter_test Equation 32

V, =100 -

Vpasetine

Where:

e V, = Percentage Voltage Decay [%].

o  Vpaseiine = Initial Cell Voltage [V].

® Vifter test = Final Cell Voltage [V].
The voltage decay Vp has been initially employed to analyze results concerning a single
contaminant provided to the PEMFC at a constant concentration and to check the influence of
exposure time and current density on the CL degradation. However, the Vp value resulted in
very different and non-comparable results that are obtained at different exposure times, neither
within tests that employ the same contaminant.
To make AST and LLT results comparable, an Average Voltage Decay Rate Vpr-avg has been
defined from the voltage decay Vp divided by the exposure time. Vpr-ayg is calculated in the
following way:

Vp

VDR_avg = E Equation 33

Where:
* Vpravg = AverageVoltage Decay [%/h]'

e V), = Percentage Voltage Decay [%].

e At = Test duration [h].
This value can be used as a reference to compare the results of studies at different durations
available in the literature. However, if an AST is implemented for a time shorter than 1 hour,
the Vpr_avg Value can be misleading resulting in values higher than 100%. These values are not
consistent, but it is due to the voltage decrease that can be very strong in the first minutes of
exposure to the contaminant due to the kinetics of the reactions affecting the CL. This fact
underlines the necessity of longer stress tests. The Vpr-avg has been calculated for all the results
found in the literature, allowing a general comparison among the five contaminants and their

effect on cell voltage.
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Nevertheless, the Vp and Vpr-avg Obtained did not allow the definition of a trend to describe the
degradation effect at different contaminants concentrations, exposure times, and current
density. To have a more global view of the CL degradation phenomenon, and to account for
more than one factor at the same time, it has been necessary to define new parameters. The first
one is the Coulomb density Cp, and it is obtained through Equation 34. The Coulomb density
allows to consider both the current density at which the experimental test is developed and the

test duration:
Cph=1Ip-t Equation 34

Where:

e Cp = Coulomb density [C/sz].

e I, = current density [A/sz].

e t = testduration [s].
The last parameter defined has been named as Reduction Effect (RE). This is an indicator of
the contaminant mass that reaches the fuel cell, and it is obtained by Equation 35:

RE = Cp * Ceone Equation 35

Where:

e RE = Reduction Ef fect [C - ppm/cmz]

e (p = Coulomb density [C/sz]

o (Cionc = Contminant concentration [ppm]

The RE can quantify the degradation of the CL in terms of Vpr-avg depending on the operative
conditions (concentration, time, current density).

Table 12, Table 13, Table 14, Table 15, and Table 16 resume the most interesting results for Vp
and Vpr-avg calculations, obtained starting from literature values. These values confirm that, for
all the 5 contaminants investigated, there is a link between the intensity of degradation and the
current density. This is as well visible in Figure 24 (which contains results for CL poisoning
with 10 ppm CO) and it is following the fact that, at a higher current density, the reactants flow
is increased and so is the amount of contaminant reaching the CL. From these results, it is also
possible to observe that a higher contaminant concentration has a more detrimental effect on
cell voltage, even in LLTs. Therefore, even if in the long term the CL kinetics of contamination

reaches equilibrium, a higher concentration results in more impact. Yet, the results of AST have
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an impact on both Vp and Vpr-ag Which can reach a 1 or 2-orders magnitude difference.
Publications found in the literature are generally difficult to be compared, as the absence of test
protocols (temperature, duration, contaminant concentration, load profile) does not allow to
exclude some of the variables which instead — as visible from the Tables reported in this work
— have a strong influence on cell voltage.
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Figure 24: Vp for 10 ppm CO contamination at different current densities and exposure time.

Results for CO contaminations shown in Table 12 are obtained with a pollutant concentration
always higher than the imposed limit indicated in 1ISO 14687-2 (0.2 ppm) and higher than the
peaks that can be registered in traffic urban areas (3.1 ppm). These tests are in general more
detrimental at higher current density and longer exposure time, but in the longer duration, the
voltage loss seems more significant for operation at a higher current density. The chemical
bonding reactions between the catalyst and the poisoning compound appear more frequent at
first, then an equilibrium is likely to be reached: this could explain the greater average voltage

decay rate for AST.

Table 12: Degradation associated with carbon monoxide contamination in literature results.

Concentration of CO | Time Ip Vb VDR-Avg Reference

[Ppm] [h] | [Alem?] [%0] [%o/h]
10 2 0.2 2.45 1.23 [211]
10 2 0.4 2.51 1.26 [211]
10 2 0.6 2.78 1.39 [211]
10 1145 0.4 9.6 0.01 [212]
10 1000 0.6 42.2 0.04 [212]
50 1 1.2 23.39 23.39 [211]

100(*) 0.6 1.2 93.57 160.42 [211]
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For what concerns hydrogen sulphyde (Table 13), literature results have been found only for
anode contamination, as H>S is not usually present in the air stream. Its tested concentration is
also always higher than the allowed amount in the hydrogen stream (0.004 ppm). However, the
results evidence that it causes a higher voltage decay than CO at similar exposure time and
concentration (see tests at 18 and 30 ppm of H>S compared with the results of 50 ppm CO).
Nevertheless, results for LLT are lacking in the literature and it is therefore impossible to make
a comparison to other contaminants at longer exposure times. Observing the results from
references [213] and [214] it can be concluded that the effect of current density is not negligible,
and a higher current density has a more detrimental effect.

Table 13: Degradation associated with hydrogen sulphide contamination in literature results.

Concentration of H2S Time Ip Vb VDR-Avg Reference

[Ppm] [l | [Aem?] | [%] [%6/h]

1.15 25 0.1 47.76 1.91 [213]

15 6 0.8 94.98 15.83 [214]

1.95 15 0.5 68.73 4.58 [213]

11.73 15 0.1 61.12 4.07 [213]

18 1 0.6 32 16 [215]

30 1 0.6 66 66 [215]

Contamination by ammonia can be a relevant issue in the medium-long term perspective of
using it to store hydrogen. Its limit is set at 0.1 ppm in the hydrogen gas (Table 6), and the
experimental results in the literature regard tests with higher contaminant concentrations
provided both at the anode [216] and the cathode side [188,217]. It causes a voltage decay that
is on average in between the one caused by CO and the one caused by H»S poisoning, and the

effect is enhanced at higher current density tests.

Table 14: Degradation associated with ammonia contamination in literature results.

Concentration of NHs Time Ip Vb VDR-Avg Reference
[Ppm] [h] | [Alem?] | [%] [%6/h]
1 330 1 5.97 0.018 [188]
1 330 0.75 4,96 0.015 [188]
1 330 0.5 4.11 0.012 [188]
2 330 1 4,98 0.071 [188]
10 1 0.7 10 10 [217]
200 1.6 0.1 65.06 20.96 [216]

66



The NO> contamination results found in the literature show a contaminant concentration lower
than the limits for total nitrogen compounds in the hydrogen flow (100 ppm) and higher than
the one found in urban areas (below 0.05 ppm). While reference [217] analyses the effects of
nitrogen dioxide supplied at the anode, references [218] and [219] face the cathode
contamination by air impurities. Short tests indicate that NO, exposure can cause a higher
voltage decay than CO and NHz, but the effect still seems lower than the one caused by H»S if

the 1-hour tests at 10 ppm concentration are compared.

Table 15: Degradation associated with nitrogen dioxide contamination in literature results.

Concentration of NO2 Time Ip Vb VDR-Avg Reference
[Ppm] [h] | [Aem?] | [%] [%6/h]
1 100 0.5 10.45 0.104 [218]
25 24 0.6 7.97 0.332 [219]
5 12 0.6 12.31 1.026 [219]
10 1 0.7 20.00 20 [217]

With regards to sulfur dioxide contamination, all the references for this case are dealing with
cathode exposure to the poisoning compound. All the examples found in the literature are
comparable in terms of contaminant concentration, exposure time, and current density, and the
results evidence that contaminant concentration is not directly linked to the voltage degradation:
indeed, the voltage decay is lower for the 46-hour test with 2.5 ppm SO: in the supplied air
[219] than for the test with 1 ppm developed for 50 hours [220]. This happens despite the similar
current density implemented during the tests (0.6 A/cm?). Therefore, there may be other
parameters that influence the voltage decay which have not been included in the present analysis
—such as operative temperature and relative humidity. This topic needs further development in

future studies.

Table 16: Degradation associated with sulphur dioxide contamination in literature results.

Concentration of SO2 | Time Ip Vb VDR-Avg Reference
[Ppm] [h] | [Alem?] | [%] [%0/h]
1 50 0.6 27.82 0.556 [220]
1 100 0.5 35.29 0.353 [218]
2.5 46 0.6 18.84 0.410 [219]
5 23 0.6 28.26 1.229 [219]

The first conclusion is related to the contamination test duration: AST has the aim of saving
time and economical resources and thus they expose PEMFCs for very short times to

contaminants concentrations that are not found in real operative conditions. The results of this
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type of test can be misleading and can give unreliable information on the cell's durability in
standard operative conditions. According to the experimental results found in the literature, a
minimum duration of 50 h is needed in a stress test to estimate reliable cell durability. Moreover,
the contaminant concentration must be coherent to the one that can be verified in real
applications (i.e., urban areas concentrations for FC cars, FC-rooms concentrations for
shipping, etc.).

As regards the degradation prediction of a PEMFC exposed to a contaminated reactant flux, the
computation of the RE can give useful information. RE can consider at the same time all the
significant parameters involved in CL contamination and degradation (concentration, time,
current density). Thanks to results found in the literature, it has been possible in the context of
the present Thesis to individuate a trend that links RE — which can be computed for real-case

as well as laboratory tests — to the parameter Vpr-avg.
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Figure 25: Trend of the RE for the literature results investigated.

This result, shown in Figure 25, is consistent with the data available in the literature; it
underlines — for all the contaminants investigated in this study — the enhancement of the

Average voltage decay rate at an increasing RE, with the following relation:

— . b
VbR avg = @ RE Equation 36

Where:
o 1 = Average Volt D [%
DR_avg gevoltage Uecay /h :
e RE = Reduction Ef fect [C-ppm/cmz].

e a=3.5 b=0.68.
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As indicated by Equation 36, the relationship between the average voltage decay and RE is a
potential function (as clear by Figure 25, where both axes are logarithmic). This output is also
confirming the results as well described in the literature, defining Sulphur-compounds as the
most detrimental contaminant to the PEMFC’s state of health.

These results have been described in a dedicated publication [221]. Further development of this
research will include collecting additional experimental outputs to increase the reliability of the
relation here presented. Moreover, this analysis approach can be addressed to the single
contaminant species and to other degradation sources, such as flooding or dehydration issues

linked to the presence of free radicals that may damage the polymeric membrane.
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4. Experimental validation of the PEMFEC technology: test

protocols definition and test campaign on the HI-SEA

_aboratory

4.1.International requlations for the installation of PEMFC systems on

maritime applications and testing protocols for FCS on shipping: FC-
PROMATE Project

No dedicated regulations for the installation of FC systems onboard maritime vessels currently

exist. Therefore, to have a broad overview, the Author has reviewed the available existing
legislations defined by the CS for fuel cell installations, that concern their operational
conditions on vehicles. Besides, the Author has considered the aspects related to naval
regulations for what concerns environmental conditions onboard.
The outcome of the study of the available legislation, as described in Section 1.5, is the
definition of a test list to assess different conditions that a PEMFC system can face on a
maritime vessel. This is in fact part of the European project FC-PROMATE, currently under
development. The main project outputs are: i). the list of experimental tests necessary to define
the FCS suitable for the installation onboard — already developed by the Author; ii). The
implementation of tests in the Joint Research Center (JRC) in Petten (NL), and a consequent
thorough data analysis to study the influence of operative and environmental parameters on the
PEMFC outputs — currently under development by the Author.
The tests can be divided into six different typologies:

e Environmental.

e Operative.

e Emissions.

e Normal conditions.

e Failure conditions.

e Routine tests.
Once the dedicated test protocols necessary to be completed before the FCS installation onboard
are individuated, the different available FC technologies should be tested following the outlined

procedure. In this way, it is possible to assess if the commercial technology investigated is
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suitable for onboard operation. Besides, the results of test protocols can identify the best FCS
among the available ones.

To prove the effectiveness of the test protocols defined, they have been implemented on the
FCS evaluated for the installation onboard the Zero Emission Ultimate Ship (ZEUS) by
Fincantieri, a research vessel under construction designed for the TecBia project. ZEUS will be
powered by a PEMFC system in a hybrid configuration (batteries and diesel engines are
installed as well). To develop the tests, an experimental test rig has been designed and built by
BluEnergy Revolution (BER [222]), an emerging company operating in the field of hydrogen
applications on marine vessels, with the support of the Author. BER also designed a dedicated
platform able to withstand 500 kg and to offer two different inclination degrees: 30 and 45°.
This test rig is crucial to estimating the effects of static inclination on the FCS performance.
Table 17 summarizes the experimental tests that have to be carried out on the FCS to evaluate
its suitability for maritime applications. The depicted tests have been in fact partly reproduced
in BER’s test rig on different FC systems, with the support of the Author in the development of
tests as well as in data post-processing, producing the results that are shown below (hamely
FCS Efficiency, Polarization curve, Operative profile, Static inclination tests). Another part of
the tests has been implemented in the testing facility of the JRC in Petten. Here, the Author has
overviewed the activities, choosing the galvanostatic operation mode and the environmental
conditions to be set in the climatic chamber, and is currently working on data post-processing
to define the effect of the experimental campaign on a chosen PEM FCS. This work is under

development and will not be part of the present Thesis.

Table 17: Experimental tests performed.

Typology Test description Regulation
. Cooling temperature: +2°C from RINA PartC,
S = .
o £z setpoint Vol II, Sec2
é “E’ 3 Static inclination: startup+constant IACS UR E-10
load at 30°

Efficiency: calculated at 25%, 50%,

EC 62282-3-200
75% and 100% of nominal power

Power response (electrical and
thermal, time needed), minimum to | EC 62282-3-200
nominal power, and reverse

Operative tests

Start-up/shutdown: time response of

: EC 62282-3-200
the net electrical power
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Maximum noise: during operation and
2 . . EC 62282-3-200
3 in background with FCS off
z Maximum vibrations: during operation
=
. EC 62282-3-200
'% and background with FCS off
k= Exhaust reaction water: quantity and
- quality
" Polarization curve -
- =
E £ 2 Constant load (minimum time: 15
58 8 minutes) )
& — _—
Typical navigation profile simulation -
v LS = .
E :g :% Emergency shutdown: time needs to EC 62282-3-200
3 g 2 conclude the procedure
1)
uali - o
2 Visua 1nspec.t10n (agreement wit IACS UR E-10
2 technical schemes)
.g Voltage variation measure -
E Gas leakage assessment test (on FC
stack)

Here below, more details are supplied for what concerns the most important tests of the routine

and the results of their application to the FCS in BER’s test rig. The results of the application

of the tests are related to the commercial FC technology that was eventually chosen for the
installation onboard ZEUS. A description of the FCS tests performed by BER, and the results

obtained, are described below and in the next figures (Figure 26 to Figure 33). Results are

original and have been reported in a dedicated publication [133].

FCS efficiency
According to [68], the efficiency should be calculated based on the Higher Heating Value

(HHV) of hydrogen, and the calculation requires the following measures:

Hydrogen inlet flow rate.

Heat supplied/absorbed externally.

The flow rate of the oxidant (air) entering the system.
Electrical power absorbed by auxiliaries.

Electrical power generated by the system.

Besides, the efficiency test should be conducted following the procedure:

Start the system and require constant power.

72



o Verify that the system operates in stable conditions, i.e., within the limits of variability
imposed by the [68] regulation.
e Measure the parameters necessary for the calculation of efficiency for no less than 1
hour.
The electrical efficiency 7., of the system can be therefore calculated by using the following
formula:

Nel = i % 100 = (Pel,out - Pel,aux)

* 100 Equation 37
Pin (Pfuel,in + Pair,in)

Where B, is the net electrical power generated by the system, and P;, is the total power input
to the system. The thermal efficiency of the system is calculated as:

Pur * 100 Equation 38

Nen =

mn

Where Py is the recoverable thermal power output from the system, and it is obtained by the
following equation:

Pyr = myg * cur * (Tyr1 — Thr2) Equation 39

knowing the mass flow my, of the cooling fluid [kg/s], its specific heat cyr at given
temperature and pressure [J/(kgK)], and the temperature difference (Tygrs — Tyr2) between
entrance and exit of the system under consideration.

In order to compare the performance of FC systems, it is necessary to normalize the dimensions
on which carry out the comparative study. The comparative analysis mainly concerns the
performance in terms of voltage and current ranges, as well as system efficiency. The latter is
given by the net system power output divided by the gross power input, which accounts for the
power absorbed by auxiliaries. Since the powers absorbed by the BoP have different levels of
uncertainty and changes depending on the components installed, to make the analysis
meaningful it was chosen to proceed with the calculation of the electrical performance
measured concerning the stack, excluding the consumption of the BoP. Figure 26 shows the

trend of efficiency depending on current density, as calculated from the experimental data.
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Figure 26: Electrical efficiency of the FCS tested.

Polarization curve

Experimentally reproducing a polarization curve implies that an FC (single cell or stack) will
be subjected to the operation at subsequent current setpoints, from zero to the nominal value
and back to zero. This procedure allows the operator to draw for the tested device the V-1 curve,
which varies slightly for FC technologies by different manufacturers. In general, the goal of
measuring the polarization curve is the determination of MEA’s performance in terms of cell
voltage and power density considering the current density as a reference. The residence time of
each set-point should be long enough to ensure the stabilization of cell voltages in £5 mV in a
time range between 2 and 15 minutes, except for the OCV measure, which must not exceed one
minute of stay. The set-points proposed by the EU Harmonised Test Protocols for PEMFC-
MEA Testing in Single Cell Configuration for Automotive Applications [223] are summarized
in Figure 27: the y-axis represents the current density at which the FC must be tested, while the
x-axis indicates the subsequent test steps. This harmonized test protocol is designed for single-
cell tests and for this reason the possibility to make slight changes to the protocol is allowed, in
order to apply it in the best possible way to the characteristic limitations of the individual FC
modules: minimum operating electrical power, longer possible operation at minimum power,

etc.
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Figure 27: Setpoints for the polarization curve testing [223].

Figure 28 shows the experimental V-1 points collected during the dedicated tests (blue dots),
compared with two reference curves named “FAT”, which stands for Factory Tests. The yellow
and orange lines represent in fact the results of the FATSs that have been implemented by the
FCS supplier, and which are given together with the specifics of the system. The two curves
represent respectively the implementation of the first half of the current profile shown in Figure
27 (orange line), and the second descending half (yellow line). It is possible to notice from
Figure 28 that FAT’s results and the ones obtained inside BER’s test rig are similar; the slight
difference is mainly due to the lower temperature of the FCS (air, cooling fluid, components)
during the test.
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Figure 28: Polarization test results.

75



Operative profile test

To verify the adequacy of the performance of the FC module in a real on-board application,
part of a typical naval cargo load energy demand profile — agreed with Fincantieri — is
considered. This profile can be divided into two parts: the first one, where first some increasing
and later some decreasing load steps are present, represents the dynamic load that can be
required during maneuvering. The second one simulates navigation after maneuvering inside
the port, where the system works for a longer period at constant load and 100% of its
capabilities. It may represent the load request during navigation at constant speed for
propulsion, or the case where the system is employed as an auxiliary to cover the hotel load.
The profile can be obtained thanks to the implementation of the electrical control of the systems
(including the FC and DC/DC module coupling).
Figure 29 shows the shipping load profile cited, to be applied to the PEM fuel cell systems
under consideration for 4300 seconds.
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Figure 29: Shipping load profile assumed to be tested on the FCSs.

Unlike tests in stationary and dynamic conditions, the operating profile represents a mix that
can positively or negatively affect stack performance. The tests have been conducted in ideal
conditions, to evaluate the global average performance of the FC system during the
implementation of the operative profile. In Figure 30, it is reported the trend of the electrical
power output — Pe; — and of the thermal power — Py — exchanged by the cooling circuit during
the development of the naval profiles tested. The load request is always guaranteed, while the
thermal power follows the trend of the electrical power output and is always managed correctly

by the cooling loop. The FC stack voltage reaches a stable value during the implementation of
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each load step, despite the short time. This is especially appreciable at the end of the test, where
a high and constant load is requested after the more stressing dynamic load, demonstrating that

the FCS can withstand a similar load profile.
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Figure 30: Operative profile test results.

Static inclination test

To assess the ability of the FCS to work while inclined, it has been installed and tested under
static load conditions on the Test Bench developed by BER (Figure 31).

The angle of inclination tested was 22.5°, and the load request during this part of the assessment
was constant for a prolonged period (around 20 minutes), to verify the good operation of the
system in this condition. The main concerns that may arise from this type of operation are linked

to the efficient delivery of the reactants and cooling flows to the FCS.

77



Figure 31: Static inclination platform developed by BER.

The results of this test are compared with the implementation of the same load profile on the

non-inclined stack in Figure 32 and Figure 33:
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Figure 32: Static inclination test results - current and hydrogen flowrate.
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Figure 33: Static inclination test results - cooling temperature and stack voltage.

During these tests, the specific consumption, the efficiencies of the system, the analysis of the
purges, the temperatures and operating pressures of the FC system, the temperatures and flow
rates of the cooling output to the FC system, the measurement of water produced at the cathode,
and the measurement of the water purged at the anode have been defined. No abnormal
operating conditions have been encountered, confirming the good setting and operation of the
stack control system which automatically manages the cooling, the airflow rates, and the current
supply ramp. The constant load has been maintained for a long time without major fluctuations
but, most important, no difference in the stack voltages has been measured, proving that the
humidity management of the system is optimal.

In conclusion, the review of existing legislation regarding operational requirements for FC on
vehicles and environmental conditions onboard ships has brought to the definition of a testing
routine. The latter has been suggested to be taken as a reference by the international naval
registers. The collaboration of the University of Genoa with the RINA in the context of the FC-
PROMATE project will lead to the approval of the test procedure for the definition of
internationally shared standards. The definition and implementation of the test routine allowed
to individuate the best commercially available PEMFC technology to be installed onboard the
ZEUS research vessel, which is the main outcome of the TecBia project. The PEMFC system
supplier has in fact been defined thanks to the comparison of results of the testing routine,
namely FCS Efficiency, Polarization curve, Operative profile, and Static inclination tests. More
tests are under implementation at the JRC laboratories, overviewed by the Author who is also

taking care of the data post-processing and interpretation.
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4.2.The HI-SEA Laboratory

Given the rising interest in PEMFC systems for maritime applications, the University of Genoa

and Fincantieri developed the Hydrogen Initiative for Sustainable Energy Application (HI-
SEA) Joint Laboratory, a 240-kW system based on 8 PEMFC automotive modules Orion®
(30 kW each) supplied by Nuvera Fuel Cell with the goal to scale-up the existing technology
and assess the on-board integration [44]. Fincantieri is the main Italian shipbuilder and is
starting a path toward the construction of zero-emission vessels in the next years [67]. The HI-
SEA Joint Laboratory represents the first large-scale PEMFC test rig especially dedicated to
the study of FC for marine applications. The goal of the laboratory is to define the best design
for a modular FC system for ship applications able to guarantee the maximum life span of FC
stacks, without omitting performance. The HI-SEA Project has been the heart of the work
developed by the Author in the context of this Thesis. In fact, the Author has been responsible
for the definition of the experimental activities and experimental data post-processing during
2018-2022 that brought to: i.) understanding of previous issues verified on the system; ii.)
reactivation of the system; iii.) definition of a recovery procedure; iv.) refitting of the Balance
of Plant components; v.) final commissioning of the system and assessment of its employability
for operation onboard a ship.

The first and main objective of the FCS test rig, previously developed during the TESEO Project
(2014-2016) [224], was the definition of the best design and size of a modular PEMFC system
for ship applications. The goal was achieved towards the development of a highly flexible
system able to demonstrate the feasibility of the technology in a simulated relevant
environment, namely a ship fuel cell room. The HI-SEA system commissioning started in 2018,
brought to the installation and recovery from inactivity [225] of the 8 PEMFC stacks, with a
procedure similar to what was reported by Yap et al. [226] and which will be described in
Section 4.3.2.1 [227]. Then the FCs power plant was tuned (Section 4.3.3) [228] to prepare the
experimental campaign for studying the power plant’s behavior under different marine
operative conditions (Section 4.4) [45]. The initial state of health of the cells was in fact poor
due to wrong test conditions during project TESEO and inactivity between 2016 and 2018.
Therefore, some changes to the control system were necessary to operate the system: for
example, it was necessary to increase the cathodic air inlet mass flow rate — especially at low
current operation — to enhance cell voltage and allow test development. This is in line with the
results of reference [229,230], where performance at low current is increased by employing a

higher air mass flow rate.
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The FCS is installed in the Innovative Energy Systems (IES) Laboratory inside the Savona

Campus (Figure 34), partly inside the 10-meter container that simulates a dedicated machinery

room, following typical redundancy principles of ship architectures [231] that brought to a

configuration of two symmetrical branches (branch01 and branch02), electrically connected in

parallel.
Table 18: HI-SEA system technical data.
Max H2 mass flow rate 14.4 [kg/h]
Max Hz Pressure 10 [bar]
Max Air flow rate 12.3 [Nm*/min]
Max Air Pressure 10 [bar]
Output Voltage 500 [Vdc]
Output Current 600 [A]
Power 240 [kW]
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Figure 34: The IES Laboratory and location of components of the HI-SEA system.
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Each branch is composed of four Fuel Cell Modules (FCMO01 to FCMO04 on branch01, FCMO05
to FCMO08 on branch02), electrically connected in series, a dedicated cooling system, and power

conversion components.

The HI-SEA container is shown in Figure 35.
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Figure 35: The HI-SEA PEMFC system, view of the container — outside and inside.

4.2.1. Main components

The P&ID of the system is shown in Figure 36. Hydrogen is stored in pressurized tanks, and
because of its high flammability and explosivity, safety issues are an important aspect. Risks
are minimized using a box, in which two groups of tanks are safely stored and naturally
ventilated that could contain an explosion. Pipelines exiting from the box are made by inox
steel 316L and provide hydrogen to the HI-SEA laboratory and the H> Lab, a test room for
stacks up to 30 kW, and for tests with Metal Hydrides. Inside the hydrogen-tank box are a
control panel for a first pressure reduction from 200 to 30 bar and a second that allows to vary
the pressure in the interval 0-30 bar. The HI-SEA inlet pressure varies in the range of 7-12 bar,
and the inlet pressure Hx Lab is lower.

Close to the hydrogen gas box, there is the Inert box that contains pressurized Nitrogen. This
gas is used to guarantee safe work conditions and to pressurize the system in case of
maintenance or long periods of inactivity. In this case, after closing the Hz valves that control
distribution from the box, the system would be ventilated for about two minutes before N2 is
pressurized inside pipes and Hy is removed by the system.

The air supply line has been designed to feed the fuel cells of the HI-SEA plant. All components
related to the air supply line are installed inside the IES Laboratory, to ensure greater protection

against atmospheric agents and consequently a longer useful life. Air provided to the plant must
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be appropriate in terms of flow rate, pressure, and quality, without pollutants and with a specific
level of residual moisture. Pipeline material is aluminum to guarantee a high quality of air, in
terms of purity. A remote sensor and an analogic pressure sensor have been installed on the air
supply line; condensation is removed with a dedicated line outside the laboratory. There is the
possibility of adding a relative humidity sensor. Cathode air is stored into accumulation
volumes, then it passes through the dryer and finally through the shut-off valve at the inlet of
the container. A portion of air is used also in the Hz Lab.
During the operation, the plant produces a total thermal power that ranges from 0 to 240 kWi
dissipated by a suitable cooling circuit designed in two circuits:

e Internal or primary circuit.

e External or secondary circuit.
The heat released by the eight fuel cell stacks is removed by the primary circuit, which is
integrated into the container. It is made up of a couple of circuits, one for each of the two
branches of the system, and each one cools down four fuel cell stacks found on the same branch.
The cooling fluid, as recommended by the fuel cell producer, must have precise values of
conductivity for the security of cell membranes. For this reason, two conductivity sensors have
been added to have real-time monitoring. In each branch, there is a plate heat exchanger that
allows the heat exchange between the primary and secondary circuit, and heat is dissipated with
a fan-cooler of 300 kW.
The system has also a three-way valve that allows regulation of water flow rate and,
consequently, the control of output water temperature and the regulation of the fan-cooler rotor
(managed by the inverter).
The secondary circuit is equipped with eight RTD type Pt100 with four wires, two flowmeters,

and two output analogic signals to control the three-way valve.
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Figure 36: P&ID of the HI-SEA system — air, hydrogen, and cooling lines.
Single and triphasic electrical connections were already available in the IES laboratory in
Savona. Thus, the internal connections to feed the HI-SEA laboratory are available. The main
system in the DC line consists of the electrical dissipation plant, which has a switch, the

electrical load, a power supply line for the load’s PLC, a line connecting the electrical resistors
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to the container HI-SEA and finally an Ethernet connection for remote control of the load’s
PLC from the container.

Container HI-SEA’s supply line is fed by three different lines at 380 V that start from the
laboratory and reach the electrical panel inside the container. The first line is the non-
preferential one and it starts from a switch located inside the container. The second line is
connected to an Uninterruptible Power Supply (UPS) to always get current. The third line is the
AC/DC one, with a different supply.

The final BoP, summarizing, includes:

e Compressed hydrogen storage (50 tanks, storage pressure 200 bara).

Table 19: Characteristics of the pressurized hydrogen storage tanks.

Number of tanks 50
Disposition Vertical
Capacity [I] 40
Geometrical capacity [m®]| 0.04
Mass content [kg] 0.656
Volumetric content [Nm?] 8
Pressure [bara] 200
Length [cm] 165
Width [cm] 20,39
Height [cm] 180
Weight [kg] 51

e Hydrogen, air, and cooling pipes volume and pressure, design dependent.

e Hydrogen pressure regulator valve (7-10 bara), installed between H; tanks and FCS.

e Industrial compressor (Ceccato model DRE 100 8,5 CE 400 50, 8000 NI/min at 3-
12 bara) for the whole air adduction line, feeding the 8 Air Mass Flow Controllers
(MFC) with dynamics different from the fast FC’s ones.

e Dryerand filters, installed between the compressor and the FC stacks, to eliminate water
content in the cathodic flow and keep a good membrane humidity.

e C(Cathode inlet pressure stabilizer, before each stack’s MFC, to regulate the pressure
before the MFCs and create more suitable operating conditions for them.

e Air MFCs to control the air mass flow rate on each PEMFC module to simulate the

performance of blowers with different specifications.
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e Cathode outlet manual valves, installed on each PEMFC module, to control the stack
cathode pressure and test different pressurized FC conditions.

e DC/DC converters (300-500Vdc in and out, 500A), one for each branch, able to regulate
the outlet voltage or the outlet current. To allow parallel branch operation during
voltage-control operation, a current division control board was introduced.

e An AC/DC rectifier (60 kW, 300-500 Vdc out, 110 A) to simulate a battery pack.

e A Two-stage cooling circuit:

o Internal (or primary), flow cooling control through a pump, temperature control
by means of a three-way valve on the external circuit heat exchange, and a flow
control valve at the inlet of each PEMFC module.

o External (or secondary), flow cooling control, and temperature control: the
external system was always set to a fixed temperature to simulate seawater's
constant temperature source.

e A modular resistive load controlled via the PLC of the system, to dissipate the power
produced during tests. It allows the testing of different operative profiles through the

insertion of different resistors depending on the load to be dissipated.

Table 20: Characteristics of the resistive load.

Parameter Value | Units
Max Current 1000 A
Max Power 260 kw
Power step 1 kw
Max power step 60 kw
Max current step 100 A

The Nuvera’s Orion® PEMFC technology, assembled in 2014, has metallic bipolar plates and
an open flow field, to increase the active area of each cell’s MEA. The anode is Dead-end and
the anodic flow is recirculated, therefore anodic purges are planned to eliminate impurities and
water accumulated during operation and to avoid excessive FC degradation [232]. The main

parameters that characterize the FC stacks have been reported in Table 21:

Table 21: Orion Product Specifications - Industrial Motive Power.

Continuous Rated Power, Net [kW] 30
Configuration/Orientation Mono-Stack/Horizontal or Vertical
Rated Maximum Power [kW] 36
Rated Maximum Current [A] 450
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Maximum Voltage [V] 141
Minimum Voltage [V] 72

Length [mm)] 326

Width [mm] 280

Height [mm] 210

Dry Weight [kg] 34
Ambient Operating Temperature [°C] -40 to +60
Anode Management Passive Recirculation

The number of cells in series and their active area are confidential data by Nuvera and therefore
they are not reported in the Thesis. The FC stacks are auto hydrated, which makes thermal
management crucial to maintain a good humidity equilibrium inside the cells, but it gives the
advantage of saving space on board [233]. Moreover, for humidity management, a dryer is
installed between the industrial compressor and the stacks, to eliminate water content in the
airflow. Temperature control relies on operative current; the inlet and outlet temperature of the

cooling fluid on each FC stack is controlled depending on the measured current.

4.2.2. Control system and measured parameters

The control system consists of a supervision system and a local panel which contains the
Programmable Logic Controller (PLC), an 1/O field, the power supply, and all auxiliary
accessories for the management of communication lines; it also manages the Human-Machine
Interface (HMI) and it collects the data of the main system’s parameters, executing automatic
controls and communicating the acquired data to the HMI, which then reveals the possible
presence of improper values, causing a correspondent alarm. Based on the severity of the alarm,
an emergency system shutdown can be triggered. The HMI main window (HOME) is shown in
Figure 37: it gives an overview of the main system connections (FC stacks, air, and hydrogen
lines, DC/DC converters, resistor bank, cooling loop) and of the main parameters that are
monitored during the online operation. In case an alarm is generated, the operator will get a
notification via the bell icon on the top left corner of Figure 37, which also explains the cause

of the alarm.
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Figure 37: Control system HMI, “HOME " window.
The other windows are dedicated to the control of more specific parameters and the alarm
thresholds and are:

e Equipment Manual Override Switch.

¢ Analog signals setup; Analog alarms setup.

e Operative sequence parameters.

e Regulation algorithm parameters.

e PIDS management.

e Stack overview.

e Resistor bank load profile.
These windows allow the operator to monitor the main parameters of the system during
operation, choose the manual or automatic control for secondary components, set the alarm
levels, and manage the resistive load to allow different profile tests.
Among the tasks assigned to the system, the control and regulation of the fuel cells’ circuit are
very important; the software is designed to control up to eight FC stacks at a time. One of the
most important parts of the control system is the Cell VVoltage Monitoring (CVM) since cell
voltage is an important indicator of the performance as well as of the state of health of the cells
[80,83,234,235]. The CVM acquires the voltage value of each cell in the stacks while it saves
and communicates to the control system — indicated below each FC stack, as shown in Figure
37 — the following data:

e Minimum cell voltage (Vmin): the lowest voltage value measured in a stack, and the ID

of the cell where it is measured.
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o Maximum cell voltage (Vmax): the highest voltage value measured in a stack, and the ID
of the cell where it is measured.
e Average cell voltage (Vay): obtained by dividing the total stack voltage by the number
of cells.
Another crucial aspect of the control system is the management of the cooling circuit. The most
suitable operating temperature has been set by the FC supplier to keep the ideal relative
humidity on the membranes. In fact, the FC stacks do not have an external humidification
system at the cathode or the anode side, and the membrane humidity is regulated through
accurate cell temperature management and cathode airflow control, as suggested in the
literature [233,236,237]. The maintenance of the correct cell temperature is ensured by the
cooling circuit, which regulates the cooling flow temperature and mass flow rate, removing the
excess heat from the cells by means of a heat exchanger. The temperature control relies on the
operative current measured. Table 22 resumes the control variables in the HI-SEA FCS and the

equipment through which their control is implemented.
Table 22: Controllable variables in the FCS.

Line Variable Control
Pressure Regulation
IN pressure
Anode Valve
OUT Flow (H2 Pressure Regulation
purge) Valve
Pressure Regulation
IN pressure
Valve
Cathode OUT pressure Manual Valve
Pipe pressure Compressor
Pressure stabilizer On/Off
Flow Pump
OUT-IN FCM flow control valve
_ temperature
Cooling I stage Heat Exchanger with

IN temperature three-way valve

Pipe cooling )
pressure
Cooling I1 Flow Pump
stage IN temperature Chiller control
OUT voltage DC/DC
Electric FC OUT current DC/DC
DC/DC On/Off

89



_ OUT voltage AC/DC
Electric OUT current AC/DC
battery

AC/DC On/Off
Power profile Resistance El. Load
Power - - -
Resistance profile Resistance El. Load

4.2.3. Shipping environment simulation

Since the objective of the HI-SEA system is to assess PEMFC for maritime applications, BoP
components are chosen to aim to simulate the ship environment. Therefore, the test rig has been
designed and installed inside a 10-meter container in order to be easily integrated inside the
ship infrastructure (Figure 38). To allow the investigation of the best electric and fluid
architecture, a mixed configuration has been adopted connecting in parallel two symmetrical
branches composed of 4 PEMFC stacks Nuvera Orion® in series (branch01: FCMO01, FCMO02,
FCMO03, FCMO04; branch02: FCMO05, FCM06, FCMO07, FCMO08). Each stack has been
integrated with BoP components. The BoP components and configuration have been chosen to

represent a possible integration of the FCS onboard a ship.
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Figure 38: FCS test rig configuration.

Indeed, an MFC controls the cathode inlet airflow, to simulate the behavior of different blowers’
specifications.

The air adduction line has been designed as a single one: an industrial compressor provides the
8 FC stacks with an air mass flow up to 8000 NI/min at 4 bar. Its characteristics make it not
able to comply with FC’s fast dynamics, but such a standard component was chosen to simulate
the exploitation of the compressed air line already existing on a ship to feed the fuel cells,

becoming part of the FCS BoP itself.
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Each branch is electrically autonomous, with a dedicated DC/DC converter that is compatible
with the voltage of 3 or 4 connected stacks, enabling the simulation of a single stack fault on
each branch and the control of the output voltage and current. It can also be bypassed. In this
case, the FCS is directly connected to the modular resistive electric load, which can work at
constant power or constant resistance. Thanks to the resistive load, different operative profiles
can be tested to investigate the possibility of utilizing PEMFC systems to power auxiliaries
and/or propulsion. During the experimental campaign, the resistive load control was set at
constant power.

Finally, each branch has its primary circuit that relates to the singular secondary one, filled with
fresh water at a constant temperature, that simulates the heat exchange with the seawater using
controlled chillers, that maintain a constant cooling temperature of around 15-20°C. This
enables the study of the feasibility of a scaled-up FC ship installation exchanging heat with

seawater.

4.3.HI-SEA system commissioning

4.3.1. Analysis of cells rupture on FCMO02

The PEMFC test rig of the HI-SEA Joint Laboratory was originally designed and tested inside
the context of the TESEO project, which concluded in 2015 [224]. This project was carried out
by the University of Genoa in collaboration with the Italian National Research Centre (CNR),
Nuvera Fuel Cells, and Fincantieri. Due to the lack of experience and BoP effects
underestimation, the original data acquisition system was unable to save data when the system’s
stacks were not in operation, a crucial factor since, as it will be shown, the final cause of the
damage of one of the FC Module (FCM) is related to its wrong management during the non-
operative phase. The objective of this work is to identify and understand the reasons for the
rupture of 16 cells composing one of the system stacks, which happened on October 21st, 2015,
during the final test of the project. The aim is to avoid the occurrence of analogue issues in the
future.

Via the control system, Operative sequence parameters (FC stacks related parameters) can be
modified as well as Regulation parameters (BoP related parameters) and the Alarm parameters
(see Section 4.2.2). The automatic control enables to perform running tests within definite
control ranges. If more flexibility is required, the Manual Override Switch (MOS) control can
be activated to manually control many parameters. This procedure enables testing single
components or overriding control problems, but if not well managed it could bring system

malfunctioning and potential damage. During the TESEO project, MOS was in fact employed
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to operate on the MFC installed at the inlet of the cathode line. It was necessary to adopt the
MOS for FCMO02, as the correspondent MFC device had a control issue that was causing the
impossibility to run the stack normally, also leaving the valve slightly open when not requested.
Only through the Manual Override Switch configuration, the controller could be closed. A
relevant aspect of the control system was the data collection and saving, which was made only
when the system was in operation: the data backup of each FCM was activated only when the
stack was under current conduction, or rather when the current was passing through the cells.
This configuration was implemented to facilitate data analysis but resulted in wrong and
dangerous. Moreover, important data were not acquired like cooling conductivity or actual air
mass flow.

During the test campaign, on the 21st of October 2015, the PEMFC test rig was operated to
demonstrate its functioning to reach the maximum nominal power of 240 kW. For this reason,
the 8 PEMFC stacks were turned on and controlled partly under MOS configuration in order to
override the operative problems on the components that emerged during previous tests, that
couldn’t be repaired within the final tests. In particular, the air MFC of the FCMO02 showed
anomalous behavior that required the MOS configuration. Even so, the controlled air valve
could not be completely closed when the control system was energized. Unfortunately, the
problem was not noticed, also because of the data acquisition strategy that was adopted at the
time. After a few hours of operations during the morning to prepare for the final test, the
PEMFC test rig was turned off for 3 hours during which the airflow on FCMO02 was active due
to MOS activation probably. Afterward, it was turned on again for the final test that brought to
the damage of stack FCMO02. Even though the first hypothesis was that the FCM had been
affected by starvation, later inspections would show that the cells did not experience hydrogen
starvation but suffered from MEA ionic conduction problems mainly, together with a series of
other system wrong management issues.

During the test, there was a discrepancy in the stack performance after a few hours of operation,
which was probably due to the drying of the membrane generated by a prolonged airflow to the
stack during no operation. The next figures explain the sequence that brought the damage during
the test.
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Figure 39: FCMO02 performance before the damage. St2 stands for FC module 2; XC is the FC module’s electrical contactor.

It is possible to distinguish three different zones in Figure 39:
e No electrical current through FCMO02, data acquisition is active as a result of a failed
startup procedure (zone A).
e Data acquisition off, no other stack active in Branch 01, no current is circulating (zone
B).
e FCMO02 working and in operation with closed bypass (conducting) (zone C).
FCMO02 remained not in operation for about 3 hours, during which with all probability the
cathode air mass flow was left open. The prolonged air flux on the hot membrane brought a
drying phenomenon [80,101,226,238-240]. Moreover, the high temperature imposed on the
FCMO02 by the branch cooling system, on which were operating FCMO02 and other stacks of the
same branch, favorited the evaporation of water from the membrane [77,81,241-244]. Indeed,
the primary cooling circuit (that connects the branch stacks to remove the heat by means of the
secondary circuit towards a heat exchanger) was defective due to the malfunctioning of the
three-way valve that was supposed to regulate the FC inlet cooling temperature. In order to run
the system for the final tests, the three-way valve was left always open, and the temperature
control was done by the secondary circuit, with a long response time, that brought to the general
operation of the stacks at higher temperatures. The results of the wrong BoP management are
visible in Figure 40: the electrical current was drawn from FCMO02, but a limited current ramp
resulted in an abnormal low cell voltage that was immediately followed by a large divergence

between the minimum and maximum cell voltage.
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Figure 40: Anomalous cell voltage in FCMO02 although the current ramp is limited.

A few minutes later, FCMO02 was inserted in conduction when the flowing current was already

high on the system branch. In Figure 41 it is possible to distinguish:

.
(zone D).
.
FCMO02 was put online

Load cycle, an indicator of stack malfunction that brought to the module disconnection

Branch 01 was put under work while FCMO02 was not online (zone E).

while the current was about 80 A, creating hot spots on the membrane

that brought to the rupture of 16 cells distributed at different points of the stack.
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Figure 41: Rupture of cells in FCM02.
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At the end of the project, the stack was dismounted and analyzed by the fuel cell provider
(Nuvera Fuel Cell). 13 cells were found broken while the other 3 were damaged. The
combination of hot spots on the membrane, high current, and high water conductivity brought
to the perforation not only of the membranes but also of the metallic bipolar plates. This was
testified also by the presence of metallic residuals in both the anode water pure collector and in
the cooling system filters. The damaged cells and bipolar plates were removed, and the
remaining cells were stacked again, proving the robustness of this technology. This is shown in

Figure 42, which has been drawn in a dedicated test after the reassembling of FCMO02.

Performance comparison at 1 [A/cm?]

une 2014, FAT
February 015, after repalr

Figure 42: Cell voltage comparison before (blue lines) and after damage (red lines) on FCMO02 — 1 A/lcm? and 1.5 A/cm?.

Today the FCMO02 is working along with the other stacks while in the HI-SEA Laboratory new
studies are under development to define and implement diagnosis strategies to prevent flooding
and drying phenomena on the stacks again, assessing the relation between anode and cathode
pressure drops, cathode airflow and cooling temperature. An assessment of the facts that led to
the damage was done together with a new experimental campaign, to show the consequences
of cells rupture on the global performance of the remaining cells in FCMO02. The final

consequences of the damage on FCMO02 can be resumed in:
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Global 2% cell voltage reduction after the recovery process was verified.
16 cells were removed due to damage to the membrane and the bipolar plate.

No other hardware modification is required.

The results of the damage assessment have brought to other research activities in the HI-SEA

Joint Laboratory related to this problem:

Drying phenomena online diagnosis strategies assessment.
HMI alarms based on cross-data.
Recovery procedure to drying/flooding phenomena development.

New thermal management control strategies implementation.

At the end of the TESEO project, the following observations were made with related

countermeasures (system modifications) application:

Cooling water conductivity. At the end of the project, the cooling water was analyzed
and found with conductivity values higher than the accepted value, 5 uS/cm. The
problem was related to the use of inappropriate glycol.

Standby monitoring (air to the cell). The lack of airflow measure of the stacks didn’t
permit the identification of a faulty air MFC.

FC module insertion in series. When a series of fuel cell stacks is supplying high
currents, the insertion of a stack must be avoided in order to prevent possible FC
damage.

Purge system synchronization. If the purge pipes of various operating stacks are
combined into a single pipe, the former should be properly dimensioned, or the stacks'
purge time should be correctly synchronized in order to avoid the counter pressure.
Electric load control for simulation. The electric load resistance should be properly
sized and controlled to simulate an electric load without falling into control interference
between the DC/DC converter and the electric load.

Hydrogen inlet pressure. In order to deliver the same anodic pressure to the stacks, a
collector pipe was installed.

Moreover, several parameters have been added to the monitoring system of the new HI-SEA

installation to enhance the interpretation of phenomena. This work has been described in a

dedicated conference paper [245].
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4.3.2. Reactivation of the HI-SEA system

TESEO Project allowed investigating of the use of PEMFC for the development and
demonstration of an electrical generator of 240 kW output power for shipping. Indeed, it started
the path towards the definition of the best design for a modular FC system to guarantee the
maximum life span of FC stacks without omitting performance. After the end of the project,
however, the stacks were left inactive for almost two years before being employed in the HI-
SEA Laboratory. As inactivity is linked to many issues, mainly membrane dehydration [238],
stacks were at first in poor conditions and it was necessary to find out an effective recovery
procedure: the prolonged inactivity exacerbated the effects on voltage due to the natural
degradation and dehydration that the lack of operation implies on PEMFCs [119,246].

Thanks to some dedicated experimental activities, the Author could notice that the voltage
gained a benefit from the enhancement of the airflow to the FC modules. Therefore, the
situation, at first, led to the decision to increase the airflow rate with respect to the original
design settings to reach a higher voltage, in accordance with the Nernst equation [247] and with
the approval of the FC supplier. This choice had a good effect in the first moment. On the other
hand, though, the airflow exerts a drag force onto the polymer membranes, giving a further
contribution to dehydration [80,101,238]. As Nuvera Orion® stacks are auto hydrated devices,
it is very common to have problems linked to the amount of water contained in the membranes:
it all depends on a delicate link between the temperature of operation, and partial pressure of
reactants, and environment conditions [81,83].

Voltage is among the most important parameters to ensure the state of health when operating a
PEMFC [80]. As introduced in Section 4.2.2, stacks in the HI-SEA system are provided with a
CVM system that acquires, amplifies, and digitalizes the signals from each one of the almost
200 cells per stack. Data are collected and elaborated by a PLC that saves, among others, values
of the average (Vavg), maximum (Vmax), and minimum (Vmin) cell voltage. The data analysis
linked to Vmin Was crucial at the beginning of the experimental campaign to hint at issues linked
to inactivity and dehydration, and at the end of it to suggest that recovery was effective. The
acquired voltage was in fact compared with Factory Acceptance Tests (FAT) performance and
with the results of the stack voltage model developed on Matlab-Simulink [228]. Before
recovery, stacks could reach half the nominal power, showing significantly low voltage values
and strong instabilities. Increasing the airflow rate with respect to the original design settings
allowed reaching higher voltages, and exploring the entire operative range of FC stacks. This
condition highlighted the main problems that have been faced thanks to the recovery procedure.
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This procedure is focused on thermal management, aiming to restore the original performance
by establishing back a good membrane humidity level on the dehydrated polymers following

other recovery procedures shown in [119].

4.3.2.1. Result of the reactivation: development of the recovery procedure

The recovery procedure has been designed by the Author thanks to the post-process of
experimental data, a dedicated literature review, and a discussion with Nuvera’s technicians. In
fact, it is known that inactivity leads to dehydration — which chemically affects the stability of
the membrane, as explained in Section 3.2.1 — and that, at a lower temperature, more water can
be condensed and absorbed by the membrane. Therefore, some successful attempts have been
implemented in the system to lower the cooling temperature setpoints. In that condition, the cell
voltage would show an increasing trend and Nuvera’s technicians confirmed the link with the
enhancement of liquid water amount. Finally, the recovery procedure has been precisely defined
by the Author.

During the experimental campaign, three main phases have been defined for the recovery:

e Recovery Phase 1: it is focused on the reestablishment of a correct humidity level in the
membranes.

e Recovery Phase 2: aims to assess the optimal temperature of operation, depending on
the relative humidity that the cells have reached after Phase 1.

e Recovery Phase 3: once the membrane's humidity and the operative temperature are
assessed, in Phase 3 the nominal power is achieved with each stack, also ensuring a
stable cell voltage in this configuration, and reducing, if possible, the air excess at the
cathode flow.

The implementation of the recovery procedure has been possible thanks to the resistive modular
load, that was controlled in power configuration: the internal PLC of the machine elaborates
the number of resistors to be applied as a function of voltage and power set-point, using an
established set of resistors, enabling a 1 kW step control.

It is important that the procedure is applied to one FCM per time, to reach the best performance
with that device before exposing it to interactions with the rest of the system as, for example,
the cooling circuit is the same for each stack in the same branch. With a single cooling circuit
for the entire branch, it would in fact be impossible to set the best fitting temperature of the
cooling fluid for just one FCM, as the settings will be valid for all stacks on that branch.
Nevertheless, the procedure can be applied to the same FC stack more than once — if the results

of the first application are not satisfying enough — and on different days.
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The procedure applied successfully to the 8 FCMs, is described in detail in the following.

Recovery Phase 1:

The stack is turned on; if there are no damages in the system or in the FCs themselves
—to be checked out, in case —, it will enter the online status and be ready to drain current.
The user begins to impose an increasing load to the FC stack, implemented thanks to
the resistive load (minimum increase: 1 KW/min).

The stack is brought to the maximum reachable power with a rapid load ramp. The
maximum power is defined as the last condition with stable cell voltage that the stack
can sustain without incurring a “Low Low Cell Voltage” (LLCV) alarm due to further
current requests.

If the cell voltage starts to be unstable or to decrease, the maximum achievable power
is reached, and the load should be decreased to the previous stable setpoint, therefore
operative conditions will be set on lower power output, to be maintained for another
minute.

The objective in this phase is to reach half of the nominal power. In the attained
condition there is a balance between water produced and water evaporated or removed
by drag forces.

The stack should be left to work in this setup for 20 minutes: as water production and
removal are balanced, the polymer membrane has time to get correctly hydrated. During
this time, minimum and average cell voltages should be monitored and are supposed to
slightly increase, to get more stable and also to reduce the distance between them.

Recovery Phase 1 is completed.

Figure 43 shows the application of Recovery Phase 1 to FCMO06. During the development of

the test, the load is gradually increased by the user through the resistive load control. In the

beginning, minimum, average, and maximum cell voltages tend to get closer, but after a certain

point minimum cell voltage undergoes several significant and sudden variations. At the

beginning of the process, almost all the stacks could reach a maximum stable voltage at about

half of the nominal power, around 10 to 15 kW. In Figure 43 it is possible to observe the

achievement of the maximum power associated with a stable voltage with FCMO06; after, the

voltage started to oscillate and thus the power output is looped between 12 kW and 13 kW. The

stack was kept in these conditions for 20 min, as foreseen by Recovery Phase 1: this helped to

reduce the intensity of minimum cell voltage variations.
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Figure 43: Application of Recovery Phase 1 to FCMO6.

Recovery Phase 2:

The operative stack inlet cooling temperature is decreased by 3°C: a lower operative
temperature inside the cells of a stack results in a higher water condensation rate on the
membranes, countering dehydration.

The stack is operated with a lower temperature as long as the average cell voltage does
not start to slightly decrease; at this moment, the operative temperature can be set again
to standard values suggested by Nuvera to avoid membrane flooding. In the new
conditions, it is expected that minimum cell voltage continues increasing, getting closer
to the average one, and globally it should get more stable.

If the decreased stack cooling inlet temperature does not bring a beneficial response in
terms of cell voltage, or it even worsens, this can be interpreted as the starting signal of
a flooding condition. In this case, the opposite strategy is tested by increasing the
cooling inlet temperature setpoint by 3°C. If the stack operated at a higher temperature
shows increasing cell voltages, the higher temperature is maintained until the voltage
gets stable or starts again to diminish.

Recovery Phase 2 is complete.
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Figure 44: Application of Recovery Phase 2 to FCMO6.

Figure 44 shows the application of Recovery Phase 2 to FCMO6. In order to recover the correct
membrane humidity, the second phase of the procedure consists of the modification of the FC
inlet cooling temperature setpoint to higher and lower values, in the range of £3°C. In fact,
since the initial cell voltage is low, the temperature is increased by 3°C with respect to the
design value. Therefore, cell voltage increases during 20 minutes of the test. Then, it starts to
decrease again, and the temperature is brought back to the design value. As expected, the
decreased temperature brought beneficial effects to cell voltage, meaning that weakness was
since the membranes were suffering from dehydration. In certain cases, Recovery Phase 2 has
to be applied to a stack more than once. In fact, ambient and working conditions (temperature,
humidity) could bring the appearance of the opposite phenomena to the initial problem. In
Figure 43, the effect of the 3°C increase in temperature on the minimum cell voltage is
beneficial for the first 15 minutes, solving a previous excess water condition in some cells.
Average and maximum cell voltage instead undergo a feeble decrease: this confirms that only
part of the cells in FCMO06 was suffering from excessive humidity. After 15 minutes, minimum
cell voltage begins to decrease too, due to the outset of a dehydration process. Therefore, the
temperature setpoint is brought back to its design value, taking to a further slight increase in

minimum cell voltage.

Recovery Phase 3:

e After Recovery Phases 1 and 2 are completed, a gradual increase in the power output
can be requested, following the 1 kW/min strategy or by making a further step in the

power requested only when the minimum cell voltage gets more stable. In this phase,
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the stack is brought to the nominal power output, and it is left to operate at nominal
conditions (with all the original design settings) for 15 minutes.
e After this time, a complete shutdown procedure is performed, and the recovery
procedure is considered concluded.
Figure 45 shows the final part of Recovery Phase 2 and then the application of Recovery Phase
3 to FCMO6.
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Figure 45: Application of Recovery Phase 2 and 3 to FCMO06.

As cell voltage is showing a stable behavior at 15 kW and as the temperature is considered
correct with respect to the water content in the membranes, the load is gradually increased.
During this phase, particular attention is paid to the presence of instabilities in minimum cell
voltage: the user could prefer to linger on a certain load until he/she is sure that a rise in the
power request will not affect the voltage stability. The application of the recovery procedure to
each one of the 8 FCMs brought a higher strength in cells despite the long inactivity time, as
demonstrated by more stable cell voltage values (minimum, average and maximum ones).

The 30 kW-stacks recovery procedure developed in the HI-SEA Laboratory, deduced from a
dedicated experimental campaign, can be summarized with the scheme in Figure 46. This
recovery procedure gives back the FC stacks a good performance and it increases voltage
stability by restoring an adequate humidity level in the membranes. It can be usefully adopted
in case of low performance after any thermal or water management issue. This comprises a
wrong operation of the system and longer or shorter inactivity time; it can simply be
implemented before starting the new tests, to ensure a good relative humidity in the membranes.
The process that led to the definition of the procedure and its application has been described in
a dedicated publication [248].
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Figure 46: Recovery procedure block diagram.
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4.3.3. Assessment of the BoP’s influence and adequacy

The HI-SEA plant has undergone different tests from 2018 to 2021. As explained in the
previous Sections, at the beginning of the campaign the system was unable to operate over half
of the nominal power (0 to 15 kW per FC stack), due to sudden alarm signals and emergency
shutdowns, mostly linked to low cell voltage values. The experimental campaign allowed the
Author to individuate critical aspects in the original design of the BoP thanks to testing data
post-processing. Therefore, the Author proposed to apply some changes to the system
configuration. This operation eventually brought to obtain a system able to operate in the whole
expected range. This has been possible also thanks to the design of the recovery procedure for
the FC stacks. Finally, it has later been possible to study the system’s behavior under different
conditions. The most significant issues that caused the need of bringing modifications to the
system’s BoP are hereby described. The main findings are part of a dedicated publication in a
scientific journal [43].
The preliminary assessment allowed in fact the identification of the defective elements in the
BoP, the most critical ones being the cooling and the cathodic circuits. The application of
changes allowed to solve them, and the benefits of the new BoP and the new performance have
been assessed:

o Directly: after modifications, the system managed to operate in the whole range (0 to

30 kW per FC stack) with reduced instabilities and drops in cell voltage.
e Through a stack voltage model: analysis of polarization curves pre- and post-BoP

changes, compared also with the stack voltage model outputs and FATS results.

Variation of main operative parameters during FCM8 operation
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Figure 47: Manual temperature control and air supply line instabilities during operation with the initial BoP
configuration.
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4.3.3.1. Cooling circuit

Individuation of critical issues in the system’s configuration

Nuvera Orion® stacks are auto hydrated systems based on anode recirculation and temperature
control. Therefore, temperature control is crucial for water management in the membranes, with
consequences on degradation (mechanical to electrochemical). On the one hand, a temperature
higher than the setpoint has a positive effect on the kinetics of the oxygen reduction reaction
[249] and, in the case of flooding, it contributes to excess liquid water evaporation [242,250].
On the other hand, excessive water removal decreases the protonic conductivity of the
membrane. A good cooling circuit control is, therefore, crucial to avoid a loss of proton-
conductive active area [77,83], ensuring a good performance: the cell’s temperature must follow
the trend of current density across the stack. This became even more evident during the
experimental campaign.

Both the cooling inlet temperature and the temperature difference between the cooling inlet and
outlet are monitored during operation. In the first system configuration, the FCM cooling inlet
temperature control relied on the manually regulated secondary cooling circuit, which opened,
or closed depending on the temperature reached the cooling inlet side. Figure 47 shows an
example of a test with the initial absence of automatic regulation in the cooling circuit
temperature. The main operational parameters are reported in percental values concerning
setpoints. During the tests, when temperature overcame the setpoint value, the operator had to
manually modify the settings of the cooling circuit to bring the temperature to a suitable value
for the circulating current. This control was not precise, demonstrating consequences on the
performance of the FCMs: minimum cell voltage is between 3 and 12% below the predicted
value by Nuvera and it shows strong oscillations. Besides, the control of the air mass flowrate
was strongly unprecise, as visible in Figure 47 (yellow line), causing significant cell voltage
instabilities. The consequences could not be neglected, and therefore some changes to the
cooling line have been applied, as described in [43].

Changes applied

One automatically controlled three-way valve has been installed on each branch of the system
and a PID controller has been tuned to regulate the heat exchange between the primary and the
secondary cooling circuits, depending on the current across stacks and on the correspondent
temperature set-point (measured at the stack cooling inlet). Figure 48 and Figure 49 show two
polarization curve tests on the same module (FCMO05). The tests are carried out according to

the procedure depicted in [223]: starting from the minimum load, it is therefore increased up to
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the maximum value and then decreased back to the minimum one. A second ramp is
implemented to assess the repeatability of results.

In Figure 48, the parameters of the PID controller are not optimized and temperature results
non-uniform at constant load, while in Figure 49 they are correctly implemented. The effects
of temperature variations on cell voltage are evident in Figure 48: when the cooling inlet
temperature (purple line) oscillates around its setpoint value (green line), the stack voltage
undergoes strong oscillations (blue line) which sum up to the ones caused by the airflow rate

(yellow line), creating more global instability.
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Figure 48: Operational profile with non-optimized PID setting for the 3-way valve control.
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Figure 49: Operational profile with optimized PID setting for the 3-way valve control.
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In Figure 49, the remaining stack voltage instabilities are instead mainly due to the airflow
variations, since temperature, regulated through the 3-way valves, is stable at constant load
operation.

The installation of 3-way valves has brought significant benefits. Their automatic regulation is
fine enough to have the stacks’ cooling inlet temperature coherent with the setpoint established
by the FC supplier. This is true both at constant load and during load variation and it helps to
avoid thermal issues linked to water management in the polymer membranes. Moreover, the
automatic regulation allows good stability in temperature such that the cell voltage and current
can benefit, too, from the changes. They in fact have become more stable than in the previous
case. This BoP modification enabled running the FC stacks in the complete range predicted by
the FC supplier, without verification of alarms linked to the improper temperature difference
across a stack nor linked to an improper cooling inlet temperature with respect to the setpoint.
This kind of alarm is indeed not to be underestimated and can even bring to FC emergency
shutdowns.

The installation of 3-way valves has also opened the door to different kinds of tests, as through
the control system it is possible to change in a certain range the temperature setpoint values in
the cooling circuits. Through a temperature-focused test campaign, it has been possible to
develop operative strategies and the dedicated procedures for the recovery of Nuvera Orion®
30 kW stacks in case of problems deriving from inactivity or incorrect water management, as
described in Section 4.3.2 [227].

4.3.3.2. Cathodic circuit

Individuation of critical issues in the system’s configuration

The issue linked to cathodic airflow management was first faced during the system design
phase: the system scale-up from one to multiple FC stacks has seen the employment of non-
standard equipment — one single industrial compressor for 8 FC stacks, while the air compressor
is usually a dedicated component designed for a single stack and selected depending on dynamic
characteristics.

The main problem in the initial system configuration was linked to the wrong airflow
management during load variation and to the slowness in adaptation to a new airflow rate
setpoint value. This resulted in high instability and delay in delivering the needed amount of
oxygen to the FCs, up to preventing the correct operation of the system both at medium-high
constant loads (10 to 15 kW) and when increasing the load. A wrong airflow control system

can cause different problems to the FC modules, particularly to the polymer membranes, and
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should not be underestimated. High and sudden peaks in air delivery to a stack can cause
mechanical stress and create pinholes, as described in Section 3.2.2, thus gas crossover and
local oxygen-hydrogen direct reactions, which increase the temperature in the membranes of
PEMFCs creating hot spots and further stress [239]. Also, air flow contributes to water removal
from the membrane through drag forces [240]. Uncontrolled water removal is dangerous as it
leaves the membranes dehydrated, causing embrittlement and a decrease in efficiency [80,97].
Operation with a dehydrated cell leads to instantaneous and long-term irreversible degradation
[97]. The effect of dehydration is in this case aggravated by poor thermal management, which
makes it even more crucial to dispose of a good temperature control system in the power plant
[251].

Figure 47 shows also the significant initial instability concerning the airflow rate during
operation (yellow line): not only during the load-increasing phase but also during constant load
operation there are strong fluctuations affecting cathode air inlet mass flow. The variation of
the airflow from the setpoint for the depicted test, as reported in Figure 47, can reach peaks
ranging from +24% and -11%. Cooling circuit and cathodic circuit issues were responsible for
difficulties or even prevention in the operation of the system; they were damaging the system
and were lowering its performance, as visible by the minimum cell voltage if compared to the
predicted value: this difference can be up to -12% (Figure 47, orange line). Indeed, all the tests
demonstrated a strict link between air, temperature, and cell voltage oscillations, which led to
low cell voltage values and emergency system shutdowns.

Changes applied

To face the slowness in adaptation to a new setpoint, the general instabilities, and the wrong
airflow management during load variation, a pressure regulator set at 3 bar has been installed
before each air MFC at the cathode inlet side, for each FCM. This operation helped in reducing
and stabilizing the pressure of the air flowing from the industrial compressor (working in a
range from 7 to 10 bar) towards the MFC. Such a more convenient pressure at the MFC inlet
brought benefits to the device performances, which could show a faster response in adapting
the airflow rate to the setpoint, depending on the current. The output of the MFC was also
observed more stable at constant load operation, mitigating the effects of frequent starts and
stops of the industrial compressor, especially at lower loads. This result shows that it is possible
to operate Nuvera stacks with different compressors and different air supply line controls
(single central compressors against one compressor for each stack). Basic components are

enough to adapt the compressor’s flow to what is needed by the FC stack.

108



During the experimental campaign, a discrepancy emerged between the components installed
in the system and the original P&ID of the plant. In fact, an orifice for each FC stack was
reported but missing. The orifices should have been installed at the cathode outlet, in every
stack, to create backpressure, which is good to improve the FC performances. It increases the
stack pressure and thus the operative oxygen partial pressure, enhancing FC voltage according
to the Nernst equation [240]. Also, having a controlled pressure at the cathode reduces the stress
on the membrane which is a very sensitive component: anode and cathode pressures should be
similar to avoid damage to the membrane [252,253]. Therefore, a ball valve was installed and
regulated referring to the values of cathode outlet pressure depicted in test results supplied by
Nuvera. This recreated the backpressure. The insertion of the valve gave a further contribution
to compensating for the instability of the cathode inlet air flow rate generated by the industrial
compressor while increasing the performance of the stacks.

These two changes — the insertion of a pressure regulator before the MFC at the cathode inlet
and the insertion of a ball valve to create backpressure at the cathode outlet — were first
implemented only on FCMOQ7. The actual benefits of these changes were observed by letting
FCMO7 and FCMO06 (with the same performance, laying on the same branch) operate for 15
minutes at the same time, with the same current and external conditions. Such modifications
led to a first performance improvement. During the test, the airflow rate resulted more stable in
FCMO7 with respect to FCMO06. Figure 50 shows that FCMO07 has a better performance thanks
to the applied changes. The effect of a quite stable air flow rate and the backpressure is
immediately visible on cell voltage: the minimum cell voltage depicted in Figure 50 is more
stable in FCMO07 than in FCMO06, as well as more similar to the value depicted by the FC
supplier and with slighter oscillations. Therefore, the same changes have been applied to all the
FCMs of the HI-SEA Laboratory. The values of minimum cell voltages in Figure 50 are

reported in percental values with respect to what was predicted by Nuvera FC.
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Figure 50: Benefits from the insertion of backpressure and pressure regulator before MFC in FCMO07.
Thanks to the improvement of the airflow rate stability, the insertion of cathodic backpressure,
and to the inclusion of the 3-way valves for cooling temperature regulation in the system, it has
been possible to explore the entire operative range, while previously only a half of it could be

reached.

4.3.3.3. Benefits of changes to the BoP configuration

All the stacks installed in container HI-SEA have been tested, after their construction, in FATs
shared by the supplier, Nuvera FC. The resulting polarization curves are defined starting from
the OCV until the achievement of the maximum operative current. FAT characteristic curves
are analog for all the 8 FCM in the HI-SEA system. This has been verified also experimentally:
through the setting of the resistor bank, it is always possible to reproduce the polarization curves
at similar current densities for each FC module. Increasing and subsequent power steps are
therefore set for the test, which starts when the system has reached proper working conditions
related to operative temperature; each step is kept for some minutes. The experimental curves
can be compared with FATSs to evaluate the performance of the FCs after the BoP changes. The
performance of the FC stacks has been also analyzed by employing a stack voltage model based
on Matlab-Simulink, developed in a previous Ph.D. Thesis by a researcher of the University of
Genova [254]. The model has different interacting sub-models (Figure 51). It takes as inputs
the boundary conditions measured during operation: stack inlet and outlet cooling temperatures,

reactants inlet and outlet pressures, reactants mass flowrates, and current. Therefore, based on
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the calculation of Nernst's potential and on the computation of losses with the approaches
described in Section 2.2.5, it gives the cell voltage as the output.
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Figure 51: Fuel Cell model and interacting sub-models [254].

Both

experimental results. Thanks to the implementation of the polarization curves tests, it has been

FATs and model outputs reporting average cell voltage can be compared with

proven that the trends of the 8 FCMs curves agree.

At the beginning of the experimental campaign, it was not possible to reach the maximum
operative current, due to the BoP issues, and the general performance was poor. The
polarization curves were reproducible up to almost 15 kW instead of 30 kW (Figure 52a). In
this case, the experimental values of maximum, average and minimum cell voltage were well
below both FATSs results (purple line) and the stack voltage model’s outputs (green circles)
under those operative conditions. Moreover, as one-third of the nominal power was reached,
the sum of instabilities — generated mainly by the cooling and the air supply lines —was reflected
in the system, perturbating the values of cell voltage: the distance between experimental average
cell voltage and FATSs average cell voltage increases with current, and experimental minimum
cell voltage becomes more divergent as current increases. Minimum cell voltage could even
become low enough to cause emergency shutdowns of the system.

After the implementation of changes to the cooling and the air supply lines, polarization curves
were newly reproduced for the 8 FCMs. This underlined the benefits brought by the changes to
the BoP (Figure 52a and b): finally, it is possible to test FCMs performance in the entire range
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of operation, up to the nominal power of 30 kW, while maintaining good stability in cell voltage
values — up to two-thirds of the operative range. After that, the appearance of oscillations is due
to the strong influence of the industrial compressor, which has more frequent starts and stops
that cause pressure variation when the air request increases, at high currents. In fact, in Figure
52a and b, all the experimental values acquired during the test are reported, to underline the
benefits of the system assembly as well as its remaining instability, especially at currents higher
than 70% of the operative range visible on the x-axes. Thanks to the improvements to the BoP,
and the application of the recovery procedure described in Section 4.3.2.1, it has been possible
to improve the FC performance up to FATS predictions. The results of the stack voltage model
(green circles) overlap FATSs results (purple solid line) — confirming a good validation of the
model — and agree with the experimental values of maximum, average and minimum cell
voltage (blue, orange, and yellow dots, respectively). The slight transposition of results of the
experimental campaign with respect to FATs may be caused by different operative conditions.
Indeed, the temperature at which the supplier runs FATSs is unknown, but as a fact, it is a very

significant parameter that influences the performance of fuel cells.
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Figure 52: Polarization curves for FCMO06 (a) before and (b) after BoP changes.

4.4.Experimental assessment on adequacy of the FCS to the operation on

board a ship

The hereby described part of the experimental campaign is dedicated to assessing the
performance of the whole FCS against different operative profiles that can be found onboard a
ship. Before the tests were conducted, the air flowrate has been enhanced (+82% on average)
with respect to the original settings, especially in the lower operative range of the stacks, to
improve the PEMFC performance at partial loads in accordance with [229] that was lowered
by natural aging of the FC stacks. This operation was done with the agreement of the FC
supplier.

The system has been tested in stationary and dynamic conditions, with an operative profile
agreed with Fincantieri, and with and without the DC/DC converter presence in order to assess
the static and dynamic performance of the system in different configurations. Since one of the
8 PEMFC stacks has a lower cell number, as described in Section 4.3.1, the two branches have
a slightly different voltage [245]: thus, the possibility of issues in load management is

investigated as well in this Section.

4.4.1. Static operation

Tests with stationary power load were conducted for each FCM, for each branch, and the whole

system (with the two branches working in parallel). Tests were repeated three times, to verify

113



the coherence of the results. Three different power outputs have been required, corresponding
to 10, 20, and 30 kW related power per single stack. Each experiment had a duration of 20
minutes. The main objective of this test is to verify the good assembly of the FC stacks in a
complex system that integrates industrial auxiliary components and to assess the ability of the
FCS to satisfy a constant power request during a significant time horizon, with no losses in
performance. This operative condition simulates the behavior of the FCS to provide, during the
whole navigation time, constant power for cruise speed propulsion, or constant power for the
hotel load requirements in case of larger ships. If the whole setup is correct, it is expected that
the produced power will be constant over time as well as the performance.

The stationary load test has been conducted on all the FC stacks, and it has been developed at
three different loads. Results obtained for stacks in branchOl are comparable to the ones
achieved for branch02, therefore only part of the results are hereby graphically represented.
Figure 53 shows the results of a long-lasting test on FCMO04 (at 10, 20, and 30 kW,
respectively). It is possible to appreciate that the voltage, in particular the minimum cell voltage
(Vmin), is slightly decreasing over time in the test developed at 10 kW: this effect is probably
related to the membrane drying phenomenon, caused by a non-optimized temperature and
humidity control during a long operation at 1/3 of the nominal stack power. Partial load
operation, tested in this part of the study, is known to be a stressful operative condition that may
bring a loss of performance due to a stronger degradation of the MEA [153-155]. In this
particular case, the voltage decrease is due to the thermal management in the actual system’s
configuration. In fact, as described in Section 2, the air flowrate at partial load is higher than
the one originally set by the FC supplier; such an increase in the air flowrate was necessary to
rise the stack voltage [247] and to allow operation with the aged stacks. On the other hand, an
increased air flow rate can exert stronger drag forces onto the membranes, affecting the cell’s
relative humidity and causing dehydration [101,238], thus a voltage decrease in the 10-kW test.
It is worth noting that, observing the results of stationary load tests at 20 and 30 kW (Figure
53), cell voltage does not decrease. Indeed, the boundary conditions of these tests are more

similar to the original ones set by the FC supplier and do not affect the relative humidity.
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Figure 53: Effect of stationary load on cell voltage at 10, 20, and 30 kW (FCMO04): global voltage decrease at 10 kW and
voltage instability at 20 and 30 kW.

Nevertheless, due to the system’s configuration, and especially to the air supply line setup, the
influence of the frequent starts and stops of the industrial compressor on cell voltage can be
observed especially in 20 and 30 kW tests: oscillations in the air flow rate deriving from the
compressor are only partly compensated by the pressure regulators and by the MFCs. Therefore,
it is not possible to totally delete its influence. Yet, the effect of the compressor does not have
significant consequences on the performance of the FC stacks, demonstrating that such a
component can be employed despite its dynamics being different from the FC ones. In fact, the
cell voltage is unstable but does not show a decreasing trend.

Some instabilities are also related to the presence of anodic purges. Keeping in mind that the
purging occurs when there is an accumulation of nitrogen and in this instant of accumulation
the hydrogen is diluted in a higher way and thus the system requires more fuel, the curves of
variations of reactants have also been analyzed, looking for a possible similarity of the
repetition time to the purging time. Also in this case, from the graphs in Figure 54, it is possible
to note that the timing of the hydrogen inlet pressure peaks (average time value between peaks
is 33.75 seconds on the four test cases reported) and of the purging (valve closed during the
30s, then open during 5s) studied are similar. Moreover, Figure 55 shows a correlation in terms
of time also for what concerns the hydrogen mass flowrates (average time between peaks is
35.32 seconds on the four test cases reported) and the periodicity of the purging. The influence

of anodic purges will be further studied in future dedicated test campaigns.

115



Anode inlet pressure |bar]

i =
w EN

Anode inlet pressure [bar]
o

-
-

Anode inlet pressure [bar]

1.6

1.4 (WWyv

122

Anode inlet pressure [bar]

Anode inlet pressure peaks 27/02 - 20kW

T T T T T v T T T T T
Average time between peaks = 33,97 seconds | 7
b,

500 600 700 800 900 1000 1100 1200
Time [s]

Anode inlet pressure peaks 27/02 - 30kW
T T T T T

|
w

Average time between peaks = 33,17 seconds
¥ v

100 200 300 400 500 600 700 800 900 1000 1100 1200
Time [s]
Anode inlet pressure peaks 28/02 - 20kW

T T T T T T T T T T T
| Average time between peaks = 31,43 seconds I |

Vv v v v

v vy YWy TV oy ﬂ’ Yov 'v'vavv

| 1 | | | 1 | | |

300 400 500 600 700 800 900 1000 1100 1200

Time [s]
Anode inlet pressure peaks 28/02 30kW
T T
vv"' V* Average time between peaks = 36,25 seconds |

"' WWW'

1 | | Il | | 1

100 200 300 400 500 600 700 800 900 1000 1100 1200
Time [s]

Figure 54: Anodic inlet pressure peaks at 20 and 30 kW power output per FC stack.
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Figure 55: Hydrogen mass flowrate peaks at 20 and 30 kW power output per FC stack.

4.4.2. Dynamic operation

Tests with dynamic power load were carried out for each FCM, each branch, and parallel branch
configurations. The dynamic testing routine was designed with sudden power demands to the
FC stacks, to verify the presence of differences in the dynamic FC performance between the
one depicted by the FC supplier and the real one, obtained by inserting the FC modules in a
complete system. The baseload to implement dynamic load tests is initially set at 1 kW, and the
aim is to define the maximum power increase (requested to each FCM) that does not generate
alarms in the system. Once the maximum power increase is identified for the 1-kW baseload,
the latter is increased and the test is repeated (1, 5, 10, 15, and 20 kW power output referred to

each stack are employed as baseloads and tested). This test is important to assess the ability of
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the FCS (BoP included) to withstand load variations and to verify the time needed by the system
to readapt to the new power request. The ability to follow load variations efficiently is a very
important characteristic for an FCS in real conditions, and it may influence the choice for the
sizing of the battery — if it is needed to implement a hybrid system — as well as the choice of
specific BoP components.

As the FC supplier predicts the ability of the stacks to follow current ramps up to 200 A/s, this
type of test aims to identify the FC dynamic performance in the HI-SEA system configuration.
Therefore, the system is required to withstand sudden load increases, identifying the maximum
one that can be reached. The results of the dynamic tests show the high sensibility of the stacks
to the cathodic air flowrate setup as it is designed. The maximum power increase depends on
the baseload, and it is possible to demonstrate that the HI-SEA system is performing better in
dynamic load tests when it is operated at low currents. The limiting parameter in dynamic
conditions is given by the cathode air flowrate, which takes excessive time to adapt to a new
load request. The higher success rate for dynamic load tests is obtained when the test starts at a
lower power baseline, since — as explained in Section 4.3 — the enhanced airflow rate results in
a favorable boundary condition. In this case, the system manages to tolerate a short delay in
adapting the air flow to the new request. On the other hand, when the baseload power is higher
the air flow rate is closer to the original setpoint given by the FC supplier; in this case, a delayed
reactant’s increase cannot lay on a previous excess of air, and very short air starvation is
verified. This causes low cell voltage and can eventually lead to the emergency shutdown of
the system. While for single stacks with a dedicated blower this problem is directly related to
the blower performance, a system integrating more stacks requires a well-designed BoP and, in
any case, suffers from high dynamic power loads. Figure 56.a indicates the percental increase
in the air flowrate that has been implemented in the system with respect to the original values,
considering all the baseloads tested, while Figure 56.b shows the different power increases
managed by the system in dynamic load tests, referred to as the power increase that can be
reached by the single FC stack, obtained at the baseloads indicated on the x-axis. It is possible

to see that the two parameters have the same trend, confirming their close correlation.
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increase reachable by the FC modules at different baseloads.

Figure 57 shows dynamic load test results for FCMO03 for the 1-kW baseload. The stack is
initially required to ramp up from 8 to 135 A over 1 second; the air flowrate follows the load
variation within a short time and the test is successful. In a second time, it is required to increase
the current from 8 to nearly 160 A, which in terms of stack power output is equivalent to an
increase from 1 to 17.5 kW: FCMO03 approves the test despite the delay time that the air flowrate
takes to be adapted, considering also that some intermediate steps are verified. This is the
maximum power increase that the system could withstand starting from a 1-kW baseload. A
higher increase could not be required to the system due to a prolonged delay of the air flowrate

adaptation, which causes low cell voltage alarms and emergency system shutdown.
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Figure 57: Two moments of dynamic load test on FCMO03: 8 to 135 A and 8 to 160 A.
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4.4.3. Load profile requirement

The operative profile defined together with Fincantieri (profile A in Figure 58, red line) can be
divided into two parts:

e The first part, where subsequent current steps are implemented until the nominal
conditions are reached; then, the system is kept working for a longer time, to simulate
steady-state operation during the navigation phase or to feed the hotel load.

e The second part of the profile aims to simulate maneuvering; originally this condition
was implemented through a sinusoidal trend where the current output ranged from 90%
to 33% of its nominal value. However, the original operative profile A (red line) had to
be simplified in this part due to the constraints in the control of the modular resistive
load through the control system.

Therefore, a more conservative profile was defined, too: profile B (Figure 58, blue line) shows
slighter current increases and avoids the sinusoidal trend in the second half of the profile. It is
still a good example of alternating constant load and dynamic load, which is verified in real
operation. Figure 58 shows the current output requested for each parallel branch during the test.
Each test lasts 32 minutes and, during this time, it is expected that the system manages to switch
between the two parts of the operative profile without significant losses in performance or

incurring alarms.
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Figure 58: Operative profiles A and B.
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After assessing the ability of the system to withstand constant load requests, and after
individuating the maximum load variation that can be safely required to the stacks depending
on the baseload through the dynamic load test (Figure 56.b), the maritime operative power
profile B (Figure 58) was chosen for the test, as it is more suitable to the FCS possibilities. It
has been tested both on a single branch and in a parallel branch configuration. Since the power
steps of profile A (red line) resulted in fact too high for the actual system configuration, profile
B (blue line in Figure 58) is tested and the results are reported in this section. This decision was
taken to avoid the occurrence of emergency shutdowns that would have prevented the
completion of the test. The results of the operative profile test, implemented on a system
configuration that represents fault conditions (3 FCM active on branch01, 4 FCM active on
branch02), are reported in Figure 59. The test is concluded successfully, and the load request is
always satisfied by the system. As in the static load tests, the influence of the compressor at
high power operation on the airflow rate is reflected in the values of FC stack voltage.
Nevertheless, the test is completed, making it possible to assert that the system can comply with
the operative profile proposed, without negative consequences on the FC stacks’ performance.
The hydrogen mass flowrate trend follows the load profile (Figure 59.a, black line); the
temperature of the cooling line is properly controlled during the whole test, on both branches
(Figure 59.a, red lines). DC/DC converters are bypassed in this test, and the FCS is directly
connected to the resistive load, in fact, branch voltage outputs (Figure 59.b, orange lines) show
the same values, variable depending on the current. It is worth noting that the current on
branch01 is lower than on branch02 (Figure 59.b, blue lines): in fact, as a fault condition is
simulated, the voltage equalizes at the output of the two parallel lines, and branchO1 must work
at lower current to maintain the voltage value, compensating the absence of one stack in the
electrical series. The lower current also justifies the slightly lower temperature on the cooling
temperature on branch01 (Figure 59.a). This test demonstrates that the system can withstand
the operative profile even in case of faulty conditions, thanks to its architecture based on the

redundancy of the lines.
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Figure 59: Operative profile test on the FCS without DC/DC insertion: a. cooling temperature on branch01 and 02, and total
hydrogen mass flowrate; b. voltage and current on the two branches.

4.4.4. Operation of parallel branches

The test results assess that the HI-SEA system can withstand different load profiles even in
parallel branch operation. However, in all the described results the DC/DCs were bypassed. It
is important to test the correct operation of the system including the voltage converters, as the
FCS may be part of a more complex system and need to interact with other components via a
DC bus. Therefore, this condition is hereby described.

The original load-following stacks control (voltage control), implemented using a standalone
DC/DC on each branch without a Power Management System (PMS), did not allow the
branches to work in parallel and generated instabilities in load sharing, as shown in Figure 60:
the current was conducted only by the branch whose DC/DC had the highest output voltage,
making it impossible to reach a stable condition and causing a discontinuous and stressful
condition to the FC modules.
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Figure 60: Switching of the load between the two branches in absence of PMS for the DC/DC output control.

Therefore, a PMS has been installed on the two DC/DCs to equalize the branches' output voltage
and to improve the system performance in parallel operation. The use of the DC/DCs coupled
with the PMS and a load-following voltage control strategy allows to have the same output
voltage on the two converters and then to communicate with the resistor bank at the same
voltage conditions. Figure 61 shows the results of a load ramp-up test implemented with the
two branches operating in parallel at partial load (three FC modules active per branch) and with
the DC/DC converters included. The current is increased gradually and simultaneously on the
two branches, and the total power output increases from 0 to 180 kW. The current ramp
proceeds more slowly than the possibilities checked in the analyses reported in Section 4.4.2.
Such a choice is due to the interest of the Author in verifying the stability of the system in the
specific configuration that includes the DC/DC converters.

The ramp has been implemented in the system through manual control of the modular resistive
bank. If the converters are bypassed, their input and output voltages should remain unchanged
across these devices, as verified in Figure 59 during the operative profile test. In the case
analyzed hereby, the input voltage to each DC/DC converter depends on the sum of the voltage
by the FC stacks on the same branch, that are in electrical series. The DC/DC output voltage,
on the contrary, must remain constant on the chosen setpoint value, despite the input voltage
variations. The trend of DC/DCs voltage outputs in Figure 61 confirms the correct operation of
the converters when included in the system: the output voltage is properly regulated as the load

changes, and it remains constant and equal for the two branches. The load is hence equally split
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between branches, despite a slight performance difference, as the DC/DC input voltage is lower
for branch01, as well as its current, due to different aging from branch02. Eventually, the

insertion of the PMS is relevant to ensure a good operation in this configuration.
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Figure 61: FCS operation with DC/DCs inserted: voltage (branches and DC/DCs outputs) and current, power ramp from 0
to 180 kW.

The results described above are part of a dedicated article that has been accepted and therefore

is currently to be published in a scientific journal.
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5. Design of Experiment approach to data analysis

The HI-SEA system has eight PEMFC stacks, sized 30 kW each for a total power installation
of 240 kW, that have been tested with two aims: drawing guidelines for the best system design
onboard ships, and deepening the know-how on the experimental management of the
technology. During the tests, as described in Sections 4.3 and 4.4, it was possible to observe the
reciprocal influence of some parameters, which may affect the system efficiency.

Since the results of the experimental campaigns carried out in the HI-SEA laboratory underlined
a persistent instability of some parameters of the system, the latter has been studied in detail.
Indeed, the BoP of the FCS is designed to prioritize the representation of an onboard installation
and to study the interaction between the auxiliaries and the FC Modules (FCM). However, it
has been verified that the chosen configuration does not perfectly suit PEMFC fast dynamics
[43]: this can be reflected in the FC voltage, which shows instabilities coherent with the ones
measured in other input parameters — i.e., cooling temperature and air flow rate. Therefore, the
present analysis aims to define the typical range of variation of the input parameters of the
system and thus estimate their effect on the FC performance and the output voltage stability.
The results can help to design a monitoring tool that detects rapidly and efficiently any
anomalies in the parameters evaluated by the control system. Besides, understanding the
optimum value of input parameters (i.e., air flow rate and cooling temperature) can improve the
definition of their setpoints ensuring a more desirable value of the objective function (i.e., stack
voltage).

The present Section will deepen the analysis carried out in reference [255] and will describe the
results of a further study (which is part of another publication submitted to the International
Journal of Hydrogen Energy and currently under review) thanks to the results of a new
dedicated test campaign. To understand the interactions in the system, the tests have been
developed operating the FCM in three different power outputs. The obtained data have been
analyzed employing a statistical investigation to quantify the cell voltage variation correlated
to the values of cooling temperature and airflow rate. This has been possible thanks to Design
Expert (DE), a software developed by Stat-EASE, Inc. Through Design Of Experiment (DOE)
and ANOVA techniques, it is possible to evaluate the significance of input variables in the FC
system and their interaction. The experiment under consideration is characterized by non-
controllable factors, the cause of disturbances that induce further variability in the response.

Thus, to assess the presence of outliers and to analyze the significance of the parameters
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involved, an analysis of variance has been performed, and finally, it was possible to build a

regression metamodel of the response.

5.1.Design Expert and Regression Approach

The Design of Experiments (DoE) is a statistical approach to the optimization of processes that
allows varying several factors simultaneously to explore the domain of investigation to identify
optimal values. Some objectives of the experiment can be:

e Determine which variables have the most influence in response.

e How to adjust the variables to optimize the response.

e How to adjust the variables to minimize the variability of the response.
DoE is an active statistical method because a series of tests are done on the process, making
changes in the inputs, and observing the corresponding changes in the outputs; this produces
information that can lead to an improvement of the whole process. DoE methods can be very
useful in putting the process under statistical control. It can be difficult to bring the process
back under control unless it is known which input variables matter the most. Experiment
programming methods can be useful in identifying these influential input variables [256].
Experiment planning is a critical tool for improving a process and developing new processes.
The timely application of these techniques can lead to:

e Anincrease in the volume of product.

e Arreduction in variability and more precise respect for project specifications.

e Arreduction in development times and total costs.
DoE plays an essential role in project activities when developing new products or improving
existing ones. Some DoE applications include:

e Comparison of project configurations.

e The evaluation of alternatives on materials.

e The determination of the key parameters in terms of influence on performance.
The key terms of the DoE are hereby described.

Factor or parameter

Any characteristic quantity of a physical and technological phenomenon that affects its
performance can be defined as a Factor (or parameter). With respect to the context of the
experiment, the factors are divided into two types:

e Controllable: these are the factors for which it is possible to define the a priori values,

as input to the experiment itself. Furthermore, the controllable input factors of a process
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can be both qualitative (type of reagent, packaging material, etc.) and quantitative (%
of additive, the quantity of oxidant, etc.)
¢ Not controllable: these are those factors that can change during the operation of the
process but are not part of the controlled variables (by constructive or operational choice
or by objective impossibility).
Levels
A Level indicates each value of the factor or parameter considered, concerning units of
measurement and measurement methods for physical quantities, technical or construction
choices, or to indexes of merit in the case of parameters that cannot be directly measured. The
experiment must be designed before its execution, generally, the following is established: i.)
the appropriate response to the problem under investigation; ii.) Factors and Levels to be used
in the experiment and that are expected to influence the response; iii.) the existence of a trade-
off between the number of Factors or Levels and times or costs of the experiment; iv.) the
number of trials or replicates per treatment (n). Usually, a balanced experiment is preferred,
I.e., with the same number of tests for each treatment.
Important concepts in DoE are randomization, replication, and block execution. Randomizing
both the order of execution of the tests and the assignment of the experimental material to the
treatments allows for mediating the effect of the uncontrollable factors present that will affect
the various treatments uniformly. Carrying out more than one independent test for each
treatment, i.e., replication allows to improve the accuracy of the estimation of the effect of the
factors and at the same time to reduce the estimation of the error and the background noise,
since the standard error of the sample mean is equal to the population mean square deviation o,
divided by the square root of the replication number \n. While the block is a known and
controllable disturbance factor that almost certainly produces an effect not relevant to the
experiment on the response. If the disturbing factor is neither known nor controllable,
randomization is the only solution. Therefore, the guidelines for the planning and analysis of
the experiments can be summarized as follows:
e Identification and formulation of the problem.
e Choice of Factors, Levels, and intervals.
e Identification of blocks and covariates.
e Selection of the response variable.
e Choice of the experimental plan:

o Determination of the number of replicas.
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o Assignment of experimental material to treatments.
o Definition of the order of execution of the tests.
e Carrying out the experiment.
o Statistical analysis of data using ANOVA (Analysis of Variance) methods.
e Conclusions and recommendations (possible planning of a new experiment based on the
results obtained).
The ANOVA
The ANOVA is a data analysis technique that allows for to verification of hypotheses relating
to the differences between the means of two or more populations and evaluates the relative
importance of the different sources of variation in the observed variability. During an
experiment, sources can be:
e Systematic sources of variation, under the investigator's control, i.e., the data sets of
input factors.
e Sources of random variation such as intrinsic stochastic variability, environmental
conditions, and measurement errors.
The analysis of variance more specifically is a parametric statistical technique. Therefore, it is
assumed that the variable of interest is normally distributed in the population and that the two
samples are randomly extracted from the population; besides, the sample size is a significant
issue and, in the comparison between several samples, the variances must be homogeneous.
ANOVA models can be classified according to the number of variables and the type of
variables:
e Models that envisage a single independent variable are defined as one-way or
monovalent designs.
e Models involving two or more independent variables are called factorial designs or
factorial designs.
e Models that provide for a single dependent variable define a univariate analysis of
variance.
e Models that include two or more dependent variables define a multivariate analysis of
variance (or MANOVA, Multivariate Analysis of Variance).

Experimental error

For non-deterministic systems, even though the same input factors x1 are provided, the same
response y is not generally obtained (Figure 62), in fact, there may be disturbing factors

attributable to different causes.
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Input factor (x) System Response (y)

e

Figure 62: Non-deterministic system representation.

It is therefore necessary to determine the experimental error. The errors ; are normally and
independently distributed random variables of zero mean and constant variance, but not
known a priori. In experimental practice, the two assumptions may not be respected with
sufficient precision, so they are checked through the analysis of residuals. The residual
analysis takes place through the following steps:

o Verification of the hypotheses of distribution of the experimental error as a NID

(0, 6?) by using a normal probability diagram (Figure 63).
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Figure 63: Normal probability diagram (Elaborated via DE version 12).

As for the reading of the diagram, moderate deviations from normality do not
significantly affect the ANOVA. While if one or more residues are found to have a much
larger value than the others, defined as outliers, their presence can seriously distort the
ANOVA and require careful investigation. Often this depends on calculation errors; if
this were not the case, an outlier could provide more information than all the other data.
therefore, it must not be neglected until it is subjected to accurate statistical verification.

o Verification of the assumption of independence of errors or lack of correlation of
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experimental data over time. Any violation of this assumption is considered serious, for
which randomization is used. From the operative point of view, the verification of the

assumption is carried out with the graph of residuals in the test runs or time (Figure 64).
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Figure 64: Graph of the residuals depending on the test runs number.

e Verification of the constancy of the variance of the observations, that is, of the
error. This analysis is carried out on a residual-response plane on which the residuals
concerning the responses must appear to have no structure (Figure 65), i.e. by
imagining that the most extreme points for each level of the represented factor are
connected by vertical lines, the length or amplitude of the lines should be uniform. In

the reported case there is no uniformity.
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Figure 65: Residual-response plane.
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From a mathematical point of view, for the analysis of variance, a test named "F" is carried out.
Initially, the null hypothesis Ho must be formulated, which usually provides for the statistical
equality of the means under the "a" number of treatments yx, meaning that the belonging to a
particular group has no influence on the results, that the data of all groups come from the same
population, and that the differences observed between the groups are due only to the sources of
random variation; the alternative hypothesis is its negation. The mathematical formalization of
this concept can be expressed as:
Ho:pl=p2=--=pa Equation 40
Hg: pi # uj for at least one i Equation 41
To verify the test F according to the model considered, it is necessary to calculate:
e The averages of treatments, blocks, and effects, and the large average.
e The sum squares i.e., the total variations, treatments, blocks, and effects.
e The mean squares, i.e., the mean variations through the relationship between
variations and degrees of freedom.
e The summary Fo i.e., the ratio between the mean squares to conduct the F test and
deduce the conclusions.
Finally, it is possible to proceed with the graphic representation of the interaction between the

different input factors.

5.2.Scope of the analysis and input and output variables identification

In stochastic systems, such as the HI-SEA PEMFC system under consideration during the
experimental campaign, specific statistical techniques are used to determine the effect that input
parameters have on the output variable (objective function). The DoE techniques aim to
determine the influence on a selected objective function for one or more independent variables
(named factors), varying among different levels or treatments. The significance of such factors
is determined through statistical analysis of data using ANOVA (Analysis of Variance)
methods [257,258]. This process is carried out to establish which factors determine a significant
variation of the objective function in the HI-SEA system. The experiment is also characterized
by uncontrollable factors, which are the cause of disturbances or background “noises”, which
induce further variability of the response.

An important evolution of DoE is the so-called Response Surface Methodology (RSM) which
aims to define the optimal design (the grid of candidate points in the experimental region) in

order to build regression models for the objective function.
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To fit a first-order regression model, the RSM identifies as the best experimental design the
Two-Level Factorial Design. To fit second-order regression models, the Central Composite
Design (CCD) or the Face-Centered Central Composite (FCC) design are adopted. The
statistical analysis and graphical analysis of the data developed for this part of the Thesis were
performed by using Design Expert (DE) software (Version 12.0, Stat-Ease, USA). Design-
Expert software provides test matrices for screening up to 50 factors at a time. The statistical
significance of these factors is established with variance analysis and graphing tools that help
identify the impact of each factor on desired outcomes, revealing anomalies in the data if any.
During the development of experimental tests on the HI-SEA system, different parameters can
be collected. The postprocessing of these data can be employed to create a regression model of
the system, like the ones developed in previous studies such as [259-268].
As explained in Section 4.2.2, the control of the HI-SEA system consists of a supervision
system and a local panel that contains the PLC, an 1/O field, power supplies, and all auxiliary
accessories for the management of communication lines; the supervisory computer interfaces
to the PLC and performs the monitoring and historicization of all process variables, also
implementing all the procedures to provide standard security levels for the access to the
information. The PLC performs the interfacing, management, and coordination of field devices,
using when necessary different communication standards. One of the tasks assigned to the
system is to control and regulate the control circuits of fuel cells; the software is designed to
control up to 8 stacks, however, the operating logic of all stacks is perfectly identical to each
other. One of the most important parts of the control system is the CVM. As cell voltage is a
very important indicator of the performance as well as of the state of health of cells, this value
must be carefully handled and considered. The CVM chosen by Nuvera Fuel Cells acquires
every second the voltage value of each cell in the stacks; therefore, it saves and communicates
to the control system — for each FC stack — the following data:
e Minimum cell voltage (Vmin): the lowest voltage value measured in a stack, and the ID
of the cell where it is measured.
e Maximum cell voltage (Vmax): the highest voltage value measured in a stack, and the ID
of the cell where it is measured.
e Auverage cell voltage (Vavw): obtained by dividing the total stack voltage by the number
of cells.
Another crucial aspect of the control system is the cooling circuit. The most suitable operating
temperature has been set by the FC supplier to keep the ideal relative humidity on the
membranes. The maintenance of the correct cell temperature is ensured by the cooling circuit,
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which regulates the temperature and mass flow rate of the cooling flow that removes the excess
heat from the cells by means of a heat exchanger. The regulation is led by the measured current.
The current leads as well the regulation of the reactants’ flowrates: it in fact acts on the cathodic
inlet air which, as seen in Sections 4.3.3 and 4.4.1, shows some intrinsic instabilities that cannot
be avoided. The same is verified for the cooling circuit.

The present analysis aims to apply the Design of Experiment approach to assess the effect of
different variables, i.e., cooling temperature, current variations, and air mass flow rate, on stack
voltage. These input variables have therefore been classified as the independent variables
(factors) of the study. The results obtained gave some hints to identifying the most influential
operative parameters that determine the global efficiency of the system, which are taken as the
starting point for the present study. The stack voltage values are afterward employed in a
regression analysis as the output variable (objective function), to evaluate the influence of the
aforementioned parameters on the global FC performance.

The use of the software Design Expert allows to draw the survey domain, the regression model,
and the confidence intervals of the stack voltage for the case study and can become the reference
for the creation of a precise performance monitoring system for the PEMFC installation: if the
stack voltage lays out of the confidence intervals, anomalies can be rapidly detected, reducing
significantly the operation in stressing conditions that can affect the state of health of the
PEMFCs.

5.3.Test definition

The initial analysis has been carried out employing a dataset available from a previous test

campaign. This approach was a preliminary one, chosen to verify the possibility to apply the
DoE approach to the existing system. In this case, the current has been considered as an input
variable, also to verify its stability at constant load; the second input variable considered for the
preliminary analysis is cooling temperature. The effect of the instability of these input variables
on the objective function, stack voltage, has been studied. The preliminary results encouraged
the authors to deepen the analysis and evaluate the influence of the operative conditions on
stack voltage by utilizing a more detailed and dedicated test campaign. Therefore, cooling
temperature and air mass flowrate have been considered as the input variables during the
development of the dedicated test campaign, while, since the first analysis assessed good
stability of current, the latter has not been considered as an input variable in the next part of the
study. The stack voltage has been set again as the output variable. In normal operation, the
voltage follows a well-known trend that depends on the current density. The generic
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polarization curve (Figure 14) describes the typical correlation between current and voltage in
a PEMFC. Due to the different losses — namely Activation, Ohmic, and Concentration losses
[269] — the voltage tends to decrease with the increasing current, but with a different slope
depending on the value of the latter.
For this reason, for the statistical analysis of the HI-SEA system, it was chosen to develop
constant load tests, to avoid incurring misleading voltage variations due to different load
requests and not to the system’s instabilities under investigation. The constant load tests usually
have the objective of verifying if the system is adequate for the operation. Although the
operating conditions are static, some intrinsic instabilities are still present, as shown in reference
[43]. The ANOVA approach can therefore verify the consequences of those instabilities on the
objective function — i.e., the stack voltage.
The constant load tests have been implemented at different loads: 10, 20, and 30 KW power
output per stack in the HI-SEA system. These tests should be considered independent of each
other since the setpoints related to the input variables depend on the current and therefore are
different. For this reason, the tests at different power outputs are not directly comparable. The
choice related to the three different loads was made to investigate the whole operative range
indicated by the FC supplier and to ensure good performance without excessive stress to the FC
due to instabilities of the input variables. Besides, each test has been repeated three times to
ensure the repeatability of the results. After the development of the tests, the acquired data has
been post-processed and analyzed via the DE software. To investigate the total stack voltage as
a function of the input variables, the following steps are taken:
e First, current and cooling temperature and therefore air flowrate and cooling
temperature are considered as the quantitative independent variables to be analyzed.
e Maximum and minimum values of the independent variables are identified.
e Total stack voltage is considered the objective function.
e The presence of outliers is issued, as they can distort the results of the analyses.
e The software DE evaluates the significance of the analyzed variables and builds a
representative regression model.
e The ANOVA allows the evaluation of significative and non-significative terms (p-value
> 0,05).
This process has been applied to all the stacks, whereas only the results related to one stack of
the system (FCMQ7) are reported. For what concerns the preliminary analysis, only results for
an output power of 20 kW are reported, considering the average quadratic deviation relative to
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the stack voltage. For the second part of the analysis, the results are reported for the same
FCMO7 operating at the three different power outputs (i.e., 10, 20, and 30 kW). Two DE output
figures per test will be reported in Section 3.2, to prove repeatability. The goal, therefore, is to
study the trend of the stack voltage, while monitoring: first, the current and cooling temperature
(preliminary analysis), and therefore cooling temperature and air mass flow rate in the second
part of the analysis (constant load tests).

For each test, two ranges for cooling temperature (TT) and three ranges for the airflow rate
(QM) have been considered as detailed in Eq. 42 and 43, and they will be reported in the
dedicated Table 1, 2, and 3.

The ranges thus identified were chosen as the Levels for the independent variables. Levels are
chosen equal in all the tests implemented at the same load, to make them comparable. Once the
Levels for each factor and the boundary values are defined, a table is created to contain all the

possible combinations of experimental values measured in the tests.

TT, —TT,,;
TTintervar = e 2 e
QMmax - QMmin
3

Equation 42

Equation 43

QMintervar =

5.4.Results of the DoE approach

5.4.1. Effect of temperature instability

As described in Section 5.2, current and cooling temperature are considered the input variables
in the preliminary investigation. After analyzing the influence of the cooling temperature via
the DE software, a regression model is built. A response surface method has been carried out
at first applied to historical data using only current and cooling temperature as input parameters,
to build a predictive model at different power setpoints.
The three main outputs of the preliminary analysis are:
e The survey domain, represented in Figure 66: relative to the total cell voltage, it shows
the contour lines and, depending on the red or blue color, it gives an indication of the
increase or decrease of the objective function (voltage) linked to the parameters change

(current and temperature).
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Figure 66: Survey domain of total stack voltage, FCM07, 20 kW.

Response surface, represented in Figure 67: for each investigation domain, Design
Expert builds a response surface based on historical data that represents the behavior of
the output variable as a function of the input factors in the investigated ranges. The
surface is represented through a 3D graph. For this analysis, it must be considered that
the sampled data, being collected during the tests on the HI-SEA system, can make the
experiment result unbalanced. This means that in the domain there could be some areas
where no experimental responses are available, and where an incorrect approximation
of the response is verified leading to an unreliable response surface at those points. To
delimit the problem, an appropriate domain cut can be made in order to analyze only
the area where the experimental data are located, in order to make the statistical analysis
more reliable.
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Figure 67: Response surface, FCM07, 20 kW.

In this case, no imbalance areas to be cut have been identified.
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e Confidence interval, represented in Figure 68 and Figure 69: once the most suitable
response surface has been identified, three types of confidence intervals are analyzed,
the confidence interval on the mean response (Cl), the prediction interval on the future
response (P1), and the tolerance interval (TI). CI contains the mean value of the
dependent variable, PI contains the value of the dependent variable for a single new
observation given specific values of the independent variables and the latter TI
represents, the spread of the individual data points around the population mean. Figure
68 and Figure 69 show the three types of intervals using a confidence level of 95%.
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Figure 68: Confidence interval for total stack voltage, FCMO07, 20 kW; current is set at 153,41 A.

For each domain, one single current value is set, as the variations for this parameter are
negligible, demonstrating good stability during tests. The residual instabilities are mainly due
to the control of the resistive load that is part of the HI-SEA system, by which the power output
is dissipated. The current value for the confidence interval is set at 153.41 A, as this value was
the most frequent one during the tests at 20 KW. As regards the cooling temperature, it is set at
58,42 °C, corresponding to the most measured value assumed during the tests at 20 kW. The
lines in Figure 68 and Figure 69 represent the trend of the total voltage of FCMO7 and its
confidence intervals for a 20 kW power output.

These maps can be the starting point to developing a precise monitoring system: when voltage
is measured, if it lies within the confidence interval thus the system is operating correctly.
Otherwise, a warning is reported as some anomalies may be ongoing, and the cooling
temperature value is immediately checked to assess if it is related to the voltage anomaly. The

present results have been described in [255].
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Figure 69: Confidence interval for total stack voltage, FCMO07, 20 kW; cooling temperature is set at 58,42 °C.

5.4.2. Effect of airflow rate instability

Constant load tests are implemented as well to study the effects of airflow rate instabilities on
cell voltage. As a general consideration, it must be considered that the values of stack current

and voltage are as reported in Table 23:

Table 23: Power, current, and voltage values for each stack at the three different test conditions.

Power [kW] | Current [A] | Voltage [V]
10 70 141
20 156 130
30 250 122

As seen in the previous Sections, the three parameters reported can show variations during the
test development. Current has some instability due to the control of the resistive load: the system
does not allow galvanostatic operation, and the external load is controlled in power mode. On
the other hand, voltage has instabilities due to the influence of auxiliaries and the aging of cell
components. However, current instabilities can be neglected and therefore stack voltage can be
studied as the objective function, linking its trend to the influence of input variables. Besides,
each power condition is to be considered separately, to correctly compare the results.

The results of the RSM analysis of 10, 20, and 30 kW tests are hereby shown. To the

repeatability aim, each test is repeated three times.
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10kW tests

The software automatically performs all calculations: ANOVA, residuals, and Least Significant
Difference (LSD) test; therefore, it is possible to detect the presence of outliers to be eliminated
from the project to continue with the variance analysis. From Figure 70 it is possible to highlight
that there are no design points that go beyond the two red lines that represent the limits of the
confidence interval.
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Figure 70: Residuals for the 10 kW tests.

If there are points that are outside the confidence interval, represented by the red lines, they are
removed, and the test is carried out again from the beginning until points that do not fall outside
this interval are found.

The analyses performed were based on multilevel factorial designs considering two factors: air
flow rate and cooling temperature. For airflow rate three levels have been considered, while for
the cooling temperature two levels have been identified, leading to a total number of
investigated experimental combinations equal to six. Factor levels were associated with
appropriate ranges of the variability of the two factors analyzed as reported in Table 24, Table
25, and Table 26 (for respectively the 10, 20, and 30 kW tests). Tests have been repeated three

times each, to ensure repeatability of results.
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Table 24: Airflow rate (QM) and cooling temperature (TT) intervals (10 kW tests).

Levels Air flowrate [slpm] Levels Cooling temperature [°C]
Level 1 662.33 -671.83 Level 1 48.56°C — 50.53°C
Level 2 671.83 —681.33 Level 2 50.53°C - 52.50°C
Level 3 681.33 —690.83

Table 25: Airflow rate (QM) and cooling temperature (TT) intervals (20 kW tests).
Levels Air flowrate [slpm] Levels Cooling temperature [°C]
Level 1 1085.70 — 1096.95 Level 1 56.66°C — 57.70°C
Level 2 1096.95 - 1108.20 Level 2 57.70°C - 58.73°C
Level 3 1108.20 — 1119.45

Table 26: Airflow rate (QM) and cooling temperature (TT) intervals (30 kW tests).
Levels Air flowrate [slpm] Levels Cooling temperature [°C]
Level 1 1530.75 — 1540.75 Level 1 62.83 — 63.58
Level 2 1540.75 — 1550.75 Level 2 63.58 — 64.33
Level 3 1550.75 — 1560.75

From the analysis of variance (Table 27), all parameters involved are classified as significant:

cooling temperature (factor A), Air flowrate (factor B), and their interaction (factor AB).

Table 27: ANOVA table relative to the 10 kW tests.

Source | Sum of Squares| df | Mean Square | F-value | p-value
Model 7.57 5 1.51 12.18 | <0.0001
A-TT 5.83 1 5.83 46.9 <0.0001
B-QM 1 2 0.5003 4.03 0.0181
AB 1.25 2 0.6246 5.03 0.0067
Pure Error 147.39 1186 0.1243
Cor Total 154.95 1191

The different rows in Table 27 can be described as follows:

Significant

e The first column of the table shows the factors considered in the project and, when

possible, also their interactions.
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e The second column shows the “Sum of Squares” (SS).

e The third column contains the degrees of freedom for each factor.

e The fourth column shows the "Mean Squares™ (MS).

e The fifth column called F-value shows the summaries of Fo for each factor.

e The sixth column was used to calculate the p-values which will be used to understand
which factors are significant and which are not for the project concerning the response
factor.

Specifically, the calculated p-value is compared with the significance o in the case under
investigation a = 0.05; the factors with a p-value less than 0.05 are significant, otherwise, they
are not significant. If one or more interaction factors are not significant, they are added to the
error. From the analysis of variance, both the TT (A) and the QM (B) and the interaction (AB,
between QM and TT) factors appear to be significant.

Analyzing the effects of the factors in Table 27, it results that the Sum of Squares related to TT
is equal to 5,83, QM is equal to 1 while the one related to AB is 1,25, demonstrating how much
the cooling temperature affects the system under investigation.

By calculating the Least Square Difference (or LSD), it is possible to verify the presence of a
significant difference among the levels of the factors that were significant (Figure 71). It is
represented graphically using a bar graph. Individual factors or interactions can be analyzed if
present.
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Figure 71: Comparison of cell voltage variation with respect to airflow rate (QM) and cooling temperature (TT) in the first

(a) and second (b) 10 kW test.

In Figure 71 (a and b), the abscissa represents the airflow rate Levels (1, 2, and 3), while the

color of the straight lines define the temperature Levels studied, with Al (the red line) defining
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the first Level with a lower temperature value, while A2 (the green line) the second Level
(described in Table 24); the y-axis shows the experimental values of the stack voltage.

From the interaction graph related to Figure 71 (a), it is possible to see that for a low and high
Levels of QM there are no differences from a statistical point of view between a higher or lower
TT value; in fact, the green and red LSD bands overlap. Instead, for a medium Level of QM,
the LSD bands do not overlap and therefore there are differences from a statistical point of
view.

Considering only the red line or the green line, it can be seen that for the red line (TT Level 1)
the bars overlap in low and high Levels of QM, while it does not happen at the medium value.
For the green line (TT Level 2), it can be seen that the bars overlap between the three Levels of
QM and thus there are no statistical differences depending on the QM values.

From the interaction graph related to Figure 71 (b), it is possible to see that for medium and
high Levels of QM there are no differences from a statistical point of view between the two
Levels of TT. On the other hand, for a low Level of QM, the LSD bands do not overlap and
therefore there are differences from a statistical point of view.

Considering only the red line or the green line, it can be seen that the bars overlap between the

three Levels of QM and thus there are no statistical differences depending on the QM values.

20 kW tests

In this case, as described above, the output values will be different, but other than that, the
procedure always remains the same. Figure 72 shows the effect of input variables on FC stack
voltage in the first and second tests, and the data are shown in Table 25.

From the interaction graph, Figure 72, it’s possible to see that the LSD bands do not overlap
and therefore there are differences from a statistical point of view regarding the effect of input
variables.

In addition, a significant increase in the output variable — the FC stack voltage — can be

appreciated in the transition from Level 1 to Level 3 relating to the airflow.
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Figure 72: Comparison of cell voltage variation with respect to airflow rate (QM) and cooling temperature (TT) in the first
(a) and second (b) 20 kW test.

30 kW tests
From the interaction graph in Figure 73 (a), it is possible to see that for a medium and high
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Levels of QM there are no differences from a statistical point of view between a more or less
high TT value; in fact, the green and red LSD bands overlap. However, for a low Level of
QM, the LSD bands do not overlap and therefore there are differences from a statistical point
of view.

Considering only the red line or the green ling, it can be seen that for the red line the bars do
not overlap in low and high Levels of QM. For the green line, it can be seen that the bars overlap
between the low and medium Levels of QM but not with the high Level.

In addition, a significant increase in the FC stack voltage — the output variable — can be
appreciated in the transition from Level 1 to Level 3 relating to the airflow.

From the interaction graph in Figure 73 (b), it is possible to see that for a low and medium
Levels of QM there are no differences from a statistical point of view between the two Levels
of TT, while for a high Level of QM the LSD bands do not overlap. Considering only the red
line or the green line, it can be seen that the bars do not overlap between the three Levels of
QM. Only for the green line, it is possible to appreciate an increase in the objective function,
while for the red line there is an increase from the low to the medium value of QM, but at the
high value of the QM, the objective function decreases.
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Figure 73: Comparison of cell voltage variation with respect to airflow rate (QM) and cooling temperature (TT) in the first
(a) and second (b) 30 kW test.

Since the voltage variations passing between intervals is more appreciable based on the airflow
rate correlation, which is the input data that varies the most, Table 28 shows the voltage increase
measured in each test as a percentage. A total of 18 values are reported, two for each test,
calculated via Equation 44:

Vein — Vin

%Vincreased = * 100 Equation 44

in
Vrin and V;,, are the voltage values, respectively on the final and initial interval. Therefore, for
each test, there will be two values, one on the percentage increase between the first and second
interval of the airflow, and the other between the second and third interval. The voltage value

chosen is the average between the voltage over the first and second temperature range.

Table 28: Increase in the percentage value of cell voltage for each step in the airflow rate.

Stack power Test %V increaseq related to %V increaseq related to
output number the first OM step the second QM step
10kW 1 1,66% 0,80%
10kW 2 1,62% 0,75%
10kW 3 1,70% 0,53%
20kW 1 1,30% 0,42%
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20kW 2 1,10% 0,57%
20kW 3 1,10% 0,62

30kW 1 0,58% 0,35%
30kW 2 0,44% 0,56%
30kW 3 0,39% 0,67%

Summarizing the results, among the parameters presented there is a very significant statistical
variability in the airflow, while the temperature presents statistical equality; therefore, taking a
single input factor, the term that causes the FC stack voltage to vary more is the airflow rate,
with a proportional increase, with a variable slope based on the load and the number of tests. In
fact, although at 10 kW and 20 kW the first QM variation from Level 1 to Level 2 always
provides a greater voltage increase (%Vi,creasea) COMpared to the variation from Level 2 to
Level 3, for the tests at 30 kW, especially in the last one, there is a greater voltage increase in
the variation from QM Level 2 to Level 3 than from Level 1 to Level 2, underlining an opposite
behavior. Thus, not only the airflow rate determines the variation of the stack voltage, but also
the level of load and the time the system is active are other relevant factors. The temperature,
on the other hand, considering only two Levels, does not significantly influence the voltage
variation. This result must be deepened in future studies since the temperature range chosen is

lower than the airflow rate variation range, and results could be affected by this assumption.
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6. General conclusions and future developments

In the present Thesis, Polymer Electrolyte Membrane Fuel Cells have been thoroughly studied
to understand the State of Art and assess their application fields, especially for maritime
applications. The output of the analysis is comprehensive of several findings:

e Establishment of a PEM fuel cell degradation method that allows for the calculation of
a so-called Reduction Effect based on different experimental results (from literature or
own experiments).

e Development of a PEMFC stack recovery procedure with a focus on careful re-
humidification of the membranes.

e Re-design of key subsystems (cooling, air supply) in a PEMFC-system consisting of 8
stacks (parallel operation of two branches) supplied with one single large air compressor
(cathode side) and a common hydrogen gas feed (anode side).

e Testing and demonstration of PEMFC system performance under static, dynamic, and
typical maritime load profiles.

e Proposal for a statistical method (Response Surface methodology) that can be used to
determine the performance of PEMFC stacks concerning key operating parameters (e.g.,
temperature and humidity).

The next Sections will summarize these findings in a more detailed description.

6.1.PEMFC degradation

The interest in PEMFC technology is rising due to its characteristics such as high power density,

zero noise and vibration during operation, good efficiency, and the potential to be completely
zero-emission devices if the hydrogen employed is produced by an electrolysis process fed by
RES. For this reason, PEM fuel cells are now being employed in different applications, ranging
from stationary to transport applications, including the maritime field. However, cost and useful
lifetime are still significant bottlenecks to the spread of the technology.

In this context, degradation processes should be fully understood, in order to prevent them by
choosing the most suitable operative conditions and prolonging their lifetime. To this aim, in
the present Thesis, the main degradation mechanisms and their effects have been investigated
via a thorough literature review, and the results are shown in Chapter 3. The main degradation
processes individuated are mechanical and chemical ones. They can be verified on all the
components of a PEMFC stack; nevertheless, the most sensitive ones resulted to be the polymer
membrane and the catalyst, which are as well among the largest cost components of the FC.
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As regards the membrane, it can be chemically degraded by the presence of ionic components,
that bond with the open sulphonic chains which should be instead responsible for the transport
of hydrogen protons from the anode to the cathode. lonic components can enter the cathodic
circuit and reach the membrane, and for this reason, the reactant at the cathode should not
contain them. Besides, some free radicals are produced during normal operation. However, their
presence can be enhanced by wrong thermal-humidity management, which results to be
frequent during variable load operation as well as responsible for further mechanical
degradation. This underlines the importance of implementing a correct control strategy on the
cooling circuit, to avoid the membrane’s swelling and shrinking depending on the water
content. In case the latter is not accomplished, flooding or drying issues can be verified as well
on the membrane: therefore, proton exchange is not efficient in parts of the cell’s
electrochemically active area, causing an overload on the remaining part that has to compensate
to maintain the required reaction rate. Here, a temperature increase can be reached, leading to
membrane thinning, pinholes development, and finally membrane failure.

The Catalyst Layer consists of small platinum-based material particles spread on the membrane,
where Triple-Phase Boundaries can be individuated. Here, both at the anode and cathode,
reactants are ionized allowing the reactions that eventually make the current flow on an external
circuit to produce power. Since platinum is highly reactive, its main degradation mode is by
chemical attacks: contaminants may reach it through the reactants’ flows, even though some
restrictions are established especially for what concerns the hydrogen gas. When the reaction
between the CL and the contaminants is verified, it can be partially reversible, however, losses
are strongly increased, resulting in a voltage degradation that may lead to failure of the
operation. From the mechanical degradation point of view, the presence of water can cause Pt
particles migration, sintering, and aggregation. These phenomena cause an irreversible
reduction of the electrochemically active area and, therefore, a voltage decrease. Since the
amount of liquid water depends on the thermal-humidity management, it once again highlighted
the cruciality of a good cooling control strategy, especially during the transient load operation.
The latter results in any case the most detrimental working regime for PEMFC and thus highly
investigated in the latest research works found in the literature. Several simulation models in
fact try to predict the voltage decrease due to the requested load and its variations during the
time.

A few research papers available in the literature deal with degradation due to contamination
issues, reporting results of Accelerated and Long Lasting Stress Tests. In detail, the objective

of the analyses is to quantify the consequent voltage degradation and build models to predict it.
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In the present Thesis, the results of the stress test have been collected and evaluated considering
contaminant type and concentration, exposure time, and current density during the experiments.
Finally, it has been possible to determine the Reduction Effect based on experimental results:
RE can help to predict the effect of exposure to contaminants on voltage decay and thus foresee
the possible PEMFC lifetime if the environment where it is operating contains poisoning

compounds (i.e., traffic urban areas, engine rooms, etc.), also considering their concentration.

6.2.Experimental activities

The University of Genova hosts the HI-SEA system, a joint Laboratory with Fincantieri. The
system is made up of eight PEMFC stacks sized 30 kW each, for a total power installation of
240 kW, and it is provided with Balance of Plant components. This allows the Research group
to carry on a challenging and deep investigation of a PEMFC system sized as real applications,
with interacting auxiliaries and fully dedicated to the assessment of the technology for the
maritime field. Since the system was earlier part of a previous project, a commissioning stage
was necessary to understand its state of health. First, it was verified that a damage to some cells
of FCMO02 had no severe consequences on the global performance of the same stack as well as
on the system. In fact, the damage that occurred during the previous project was due to an
inappropriate control strategy, where parameters such as the inlet air mass flow rate were not
acquired when the FC modules were shut down. Moreover, the cooling fluid conductivity was
not measured, which led to additional issues. The problematics have been solved, and by
removing the damaged cells and reassembling FCMO2 it was possible to employ it again.
Therefore, as the PEM fuel cells had remained inactive for some years before being installed in
the HI-SEA laboratory, a dedicated recovery procedure was developed and tested on the stacks.
In fact, inactivity leads to membrane hydration issues, that can eventually be solved by applying
the dedicated procedure. The procedure is therefore focused on the re-establishment of the
proper humidity on the membranes, by a variation of the cooling temperature setpoint ad partial
load operation.

Once the PEMFC were recovered, a first test campaign has been developed. The latter aimed
to understand the suitability of the chosen components and their interaction, and it led to some
changes in the BoP. The cooling circuit has been improved by inserting three-way valves on
each branch of the system, controlled by a dedicated PID; the cathodic circuit has instead been
improved by inserting a pressure reductor before each FCM’s mass flow controller, allowing it

to operate in the correct pressure range thus reducing instabilities. A ball valve has been inserted
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as well in the system, after each cathodic outlet, to create backpressure. The lessons learned
from the test campaign can be summarized as follows:

e The cooling circuit must be automatically controlled, in order to keep its temperature
close to setpoint values — determined by the current that crosses a stack — and as constant
as possible during the constant load operation.

e It is possible to operate the system with just one industrial compressor, which is useful
in the optic of installing an FC system onboard a ship. Pressure regulators, though, are
necessary to stabilize the pressure before the air MFCs that must send a precise flow
rate to the stacks to allow the operation.

e The presence of backpressure to increase pressure at the cathode outlet brings benefits
in terms of voltage, which is enhanced and more stable.

Benefits from the BoP adjustments have been proven experimentally and through a stack
voltage model developed on Matlab-Simulink. The model calculates the characteristic curves
of the FCMs from experimental and theoretical data; its results can be compared with the V-I
curves provided by Nuvera Fuel Cell and the results of the V-I curves obtained with the
experimental campaign. This comparison — implemented before and after changing the BoP —
has verified that the global performance of the FCMs has been improved. Thanks to the
adjustments, it was finally possible to fully operate the whole system with a good performance,
and thus a second experimental campaign started.

The campaign aimed to demonstrate that a modular, real scale FC system designed in mixed
parallel-series configuration, with BoP components that simulate its installation on the ship
environment, is able to operate under typical maritime load conditions: it must be considered
that the system represents a real power module for maritime application, that can give useful
information related to the system performance but that has lower flexibility compared to smaller
experimental test rigs. The experimental test results obtained demonstrated that the FCS can
positively respond to static, dynamic, and typical maritime operative load profiles. It was also
assessed the ability of the system to work simultaneously with two parallel branches.
Furthermore, important advice and criteria for the design, construction, and control of similar
FC complete systems can be drawn from this analysis. This is particularly relevant considering
that the interest in FC application for the maritime field is growing significantly, while
experimental studies on complete PEMFC systems are very limited. Nevertheless, the BoP has
a very strong influence on the FCM performance, as the tests demonstrated that a not correct
design in electrical or fluid architecture can cause significant instabilities. There are many

lesson-learned from the experimental campaign:

151



The control and setting of the cooling circuit, crucial for the stability and life of an FCS
to keep a correct humidity level in the polymer membranes, have been investigated via
the Static load tests. It has been verified that, in the design of the control system, it must
be considered that an increase in the airflow rate — necessary due to the aging of the
cells — can also increase the water removal by drag forces; hence, it must be followed
by a re-adaptation of the temperature in the system.

In the Dynamic load tests, air flowrate variation is the limiting factor to the dynamic
performance of the HI-SEA system, which employs a single industrial compressor to
provide the air flowrate to the eight FCM. A single industrial compressor can therefore
deal with the system’s requirements for a static load operation, but it may be too slow
in adapting to a new set point in dynamic load operation. Some extra BoP components
can therefore be useful, such as the MFC devices installed for each FC stack and the
pressure regulators that allow the MFCs to work in their optimal pressure range.
Nevertheless, the dynamic operation must be adequate to the system’s limitations,
unless a dedicated control strategy (i.e., increasing the airflow rate with a small advance
to the requirement of a load step) is implemented to avoid low cell voltage values.
This type of test opened the path to the next one, the Operative profile test. Employing
the maximum current ramps allowed by the system, the operative profile has been
defined and implemented: the FC system is verified to be able of providing a correct
load following, with successful control of the cooling circuit, of the anodic and cathodic
delivery loops.

The Electric Power Conversion is a key element for FCS control. Parallel operation of
branches in the HI-SEA system is possible, both including and excluding DC/DC
converters. To have a constant output voltage from the FCS, a DC/DC for each branch
is needed. This operation mode has been successfully implemented in the HI-SEA
system. An important conclusion is that when load-following voltage control is
implemented, every converter must communicate with the others through a PMS to
avoid problems of current conduction, which can otherwise lead to sudden load changes
and damage to the FC stacks.

The presented analysis demonstrates that different design and control strategies can be
implemented in an FCS and that they are dependent on the FC specifications as well as

on the BoP specifications.
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6.3.FC voltage model via DoE

Since some instabilities in the HI-SEA system cannot be avoided and can cause excessive stress

to the FC in the long term, it was chosen to investigate them more in detail. The HI-SEA FCS’s
BoP is in fact made up of components that represent the naval environment; however, they can
create instabilities in the system which influence the FC performance and in particular the
voltage. Design of Experiment has been applied to the experimental data acquired: the DoE is
a statistical approach to the optimization of reactions and processes that allows varying several
factors simultaneously to sift the reaction space to identify the optimal values. An important
evolution of DoE is the so-called Response Surface Methodology, which aims to define the
optimal design (the grid of candidate points in the experimental region) to build regression
models for the objective function.

Constant load tests were developed on the FCS and analyzed via DoE, to verify the influence
of current and cooling temperature oscillations, classified as the independent variables, on the
objective function — the total stack voltage. The results, reported in the present Thesis for the
representative case study of FCMO7 for a power output of 20 kW, have been obtained through
the software Design Expert (Version 12.0, Stat-Ease, USA). DE software provides test matrices
for screening up to 50 factors at a time. The statistical significance of these factors is established
with variance analysis and graphing tools that help identify the impact of each factor on desired
outcomes, revealing anomalies in the data if any. The software allowed to draw the survey
domain, the Response Surface, and the confidence intervals of the stack voltage for the case
study. This means that for any operating condition, considering the instabilities in the cooling
temperature value, the range of stack voltage is foreseen. If the range is not maintained, there
may be anomalies in the FCS operation to be solved.

The second part of the DoE study was not only considering temperature but also air mass
flowrate’s instabilities and their interaction effect on the objective function — the total FCM
voltage. Constant load tests were implemented on the FCS (10, 20, and 30kW per stack), and
repeated three times each. Temperature values have been divided into two categories, while air
flowrate values into three. Among the parameters presented, it was proven a very significant
statistical variability of the airflow, while the temperature is close to or presents statistical
equality; therefore, taking a single input factor, it was verified that the term that causes the cell
voltage to vary more is the airflow rate, in a proportional increase, with a variable slope based
on the load and the number of tests. In fact, although at 10kW and 20kW the first range jump
provides a greater voltage increase compared to the second, for the test at 30kW there is a
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greater voltage increase in the second range jump than in the first, therefore an opposite
behavior. So it has been proven that not only the air flow rate determines the variation of
voltage, but also the type of load and the time the system is active is other relevant factor. The
temperature, on the other hand, considering only two intervals, does not greatly influence the
cell voltage variation, probably also since the temperature range is sometimes tens of orders
lower than the flow rate range. The results of the statistical analysis developed via DE can
become the reference for the creation of a precise performance monitoring system for the
PEMFC installation: if the stack voltage lays out of the confidence intervals, anomalies can be
rapidly detected, significantly reducing the operation in stressing conditions that can affect the
state of health of the PEMFCs. Besides, thanks to the second part of the analysis, the correct
setpoint values of cooling temperature and airflow rate can be defined, to obtain the best

performance by the HI-SEA system during operation.

6.4.Recommendations for future work

The present Thesis can be the starting point for different activities.

As regards the degradation topic, the research could be extended to include more contaminants
and more experimental results available in the literature. This will allow to define more precise
equations and to predict the average voltage decay as well as the FC useful life depending on
the environmental conditions/the gas quality. Besides, the investigation could go further to
include the effects of liquid water presence, which affects the state of health of both the
membrane and the catalyst layer.

The experimental activities gave interesting results, positively assessing the potential of the
PEMFC system for maritime applications. The research can be expanded towards the
implementation and validation of simulation models that consider the FC system as a whole.
New tests can investigate in detail the influence of the DC/DC converters as well as the
hybridization of the system: in fact, an AC/DC is already installed in the Laboratory, and it
could be exploited for the simulation of a battery pack. This can allow experiments concerning
different energy and power management systems and control strategies. Finally, the installation
of a dedicated system could lead to contamination tests, to directly prove the effectiveness of
the equations defined in this Thesis regarding the prediction of voltage decay.

The statistical approach resulted useful from two points of view: the first one concerns the setup
of a monitoring system dedicated to the FC system under investigation. In fact, thanks to the
Design of Experiment it is possible to define confidence intervals and foresee the correct values

for input parameters considering the actual state of health of the system. This monitoring system
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is to be developed in future work. The second source of interest for the statistical approach lies
in the opportunity to optimize the setpoints of input parameters. In fact, these variables should
be updated depending on the aging of the FC system, and the Design of Experiment can give
useful information based on the real data collected during the experimental activity. Thus, the
performance of the system can be enhanced. The analysis should therefore be repeated to
include more variables (i.e., anodic mass flow and pressure, cathodic pressure and temperature,

purging synchronization).
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