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• LCA of hydrogen propulsion technologies
for shipping was developed.

• H2 engine presented the lowest environ-
mental impacts.

• The analysiswas conducted in a very early
degree of maturity of the devices.

• LCA proves to be a useful and key tool for
moving towards sustainability.

• Policy implication is mandatory to achieve
decarbonization in shipping.
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Shipping is a very important source of pollutionworldwide. In recent years, numerous actions andmeasures have been
developed trying to reduce the levels of greenhouse gases (GHG) from themarine exhaust emissions in thefight against
climate change, boosting the Sustainable Development Goal 13. Following this target, the action of hydrogen as energy
vector makes it a suitable alternative to be used as fuel, constituting a very promising energy carrier for energy tran-
sition and decarbonization in maritime transport. The objective of this study is to develop an ex-ante environmental
evaluation of two promising technologies for vessels propulsion, a H2 Polymeric Electrolytic Membrane Fuel Cell
(PEMFC), and a H2 Internal Combustion Engine (ICE), in order to determine their viability and eligibility compared
to the traditional one, a diesel ICE. The applied methodology follows the Life Cycle Assessment (LCA) guidelines, con-
sidering a functional unit of 1 kWhof energy produced. LCA results reveal that both alternatives have great potential to
promote the energy transition, particularly the H2 ICE. However, as technologies readiness level is quite low, it was
concluded that the assessment has been conducted at a very early stage, so their sustainability and environmental per-
formancemay change as they becomemorewidely developed and deployed, which can be only achievedwith political
and stakeholder's involvement and collaboration.
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1. Introduction

Transport is widely recognized as a significant and increasing source of
pollution, especially today when the world is undergoing an environmental
and energetic crisis due to the intensive use of fossil fuels (d'Amore-
under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Domenech and Leo, 2019). Particularly, maritime transportation presents a
great impact to the environment, being carbon dioxide (CO2), the most im-
portant greenhouse gas (GHG) emitted by ships (IMO, 2020). According to
the Fourth GHG Study (IMO, 2020), published by the International Mari-
timeOrganization (IMO) in 2020, international shipping emissions reached
1056 million tons of CO2 equivalent in 2018, which represent approxi-
mately 2.89% of the annual GHGs. These burdens are assumed to increase
by 150% - 250% in 2050 if no action to stop them is taken; this means that
total emissions in 2050 are foreseen to be at 2.5 to 3.5 times today's level
(Lindstad et al., 2015). In this line, decarbonization is currently considered
a top priority for shipping organizations, becoming a part of their business
strategies. Several actions have been developed over the years to reduce the
high pollution levels in this sector to take urgent action to combat climate
change and its impacts. The decarbonization of marine fuels is key to
meet the GHG reduction goal set by the IMO (Ampah et al., 2021), for
which it adopted mandatory measures under IMO's pollution prevention
treaty (MARPOL), the Energy Efficiency Design Index (EEDI) mandatory
for new ships, and the Ship Energy Efficiency Management Plan (SEEMP),
which aims to promote the use of more energy efficient engines (IMO,
2020). On the other hand, the European Commission developed in 2015
the MRV regulation on “monitoring, reporting and verification of CO2

emissions from maritime transport”, whose target is to reduce the carbon
footprint (CF) of shipping (European Commission, 2015). All these bench-
marks are focused on the pollution from the conventional propulsion sys-
tems, which use gasoline or diesel as fuel, and their related equipment.
However, a number ofmeasures are currently being developed to implement
promising alternatives to conventional fuels (Sorunmu et al., 2018), promot-
ing the transition to green transport. In this sense, the Hydrogen Strategy for
a climate-neutral Europe of the European Commission establishes a series of
strategies based on regulations, investment, research, and innovation to pro-
mote descarbonization in industry, transport, and energy generation in
Europe, using H2 as energy vector (European Commission, 2020).

Hydrogen is becoming an important source of energy, and scientists
around the world are involved in making this compound commercially
available because of its environmentally friendly nature (Jain, 2009). Act-
ing as energy vector, i.e., being able to store and release energy in a con-
trolled way, makes H2 a suitable option to be used as fuel (Akal et al.,
2020), both for mobile and stationary applications (Maestre et al.,
2021a), constituting a very promising energy carrier for the energy transi-
tion (Robles et al., 2019). In addition, its high mass energy density, 120
MJ/kg, and the simple way of production, just by water splitting, provides
it the potential to be an inexhaustible energy source (Boudellal, 2018).
However, the great importance in the energy system resides in its clean
combustion, which, unlike other conventional fuels, only produces pure
water and heat (Momirlan and Veziroglu, 2005). Unfortunately, the imple-
mentation of the hydrogen economy is not immediate, and although signif-
icant progress is currently being made, it is necessary to deal with
technological, economic, and social barriers (Abdin et al., 2020).Main chal-
lenges reside in technical difficulties associated with H2 storage (Cheng
et al., 2007), especially in maritime applications, where this issue is more
challenging than for stationary or automotive applications (Ortiz-Imedio
et al., 2021). As in the case of diesel or gasoline, the chemical energy of
H2 needs a conversion into another type of useful energy, as electrical or
mechanical. Hydrogen Fuel Cells (FC) are one of the most used technology,
considered to be the green power source to 21st century, which provide an
efficient and clean mechanism for electrochemical energy conversion (Van
Hoecke et al., 2021). Among FCs, the PEMFCs (Polymeric ElectrolyticMem-
brane Fuel Cells) are the optimum option inmobility applications (Alaswad
et al., 2016) since they hold several advantages over conventional technol-
ogies, such as their high electrical efficiency, silence, low pollutant emis-
sions, ease of installation, and rapid start-up (Díaz et al., 2014). In a
PEMFC, molecular H2 is delivered from a gas-flow stream to the anode
where it is oxidized producing ions and electrons. The ionsmigrate through
the membrane to the cathode, where oxygen from air is reduced producing
water steam and heat, whereas electrons are forced through an external cir-
cuit generating an electrical current (Sharaf and Orhan, 2014). This
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technology is currently in development and use by several international pro-
jects. Some examples are the H2 powered ships Nemo H2 (eSMARTcity,
2021), Hydrogenesis (Ship Technology, 2021), FreeCO2ast (Havhydrogen,
2021), or Zemship (Proton Motor, 2021), which confirmed that it is possible
to install and successfully integrate a FC system in a vessel operating with
zero emissions (Tronstad et al., 2017). On the other hand, Internal Combus-
tion Engines (ICEs) are mechanochemical devices that convert the chemical
energy of a fuel into mechanical energy, usually made available on a rotating
shaft (Winterbone and Turan, 2015). An ICE typically uses fossil fuels to
work, but they can run on hydrogen making some adaptations of the engine
(Sopena et al., 2010); substitution of the fossil fuel injectors by hydrogen in-
jectors, addition of a nitrogen purge, and a hydrogen accumulator, among
others (Ortiz-Imedio et al., in press). The operating principle of a H2 ICE is
the same as for the gasoline or diesel ones, described by the Otto cycle and
diesel cycle respectively, and based on four stages: admission, compression,
combustion, and exhaust (Pulkrabek, 1997). Comparing to FCs, the H2 ICEs
offer some advantages: they are able to run with less pure hydrogen
(Parashuramet al., 2016), and they allow the use of the potentialmanufactur-
ing infrastructure already developed for petroleum-fueled engines, which
suppose an important reduction of costs and investment (White et al., 2006).

However, although H2 is a carbon-free fuel, the environmental perfor-
mance of its production depends on primary sources (fossil fuels or renew-
able energy) and the specific process (Abejón et al., 2020). Hence, the need
to analyze the environmental sustainability of these systems becomes evi-
dent. Life cycle assessment (LCA) is amethodology to evaluate environmen-
tally a product, process, or service along the stages of its life cycle: raw
materials extraction, manufacturing and distribution, use, and waste man-
agement when it is no longer useful (Fullana, 1997). Several LCA have
assessed the impact of fuels and energy generation sources in the scientific
literature. On the one hand, a number of authors addressed the environ-
mental impact of FC vehicles, enabling the comparison to gasoline and die-
sel ones. Ahmadi and Kjeang (2015) carried out an analysis to determine
the impacts of FC passenger vehicles in four Canadian provinces, whereas
Shimizu et al. (2020) did it both for mobile (vehicles) and stationary
(household generation system) applications. Other papers addressed an en-
vironmental comparison of H2 FC and gasoline road vehicles (Granovskii
et al., 2006), diesel or natural gas FC buses (Ally and Pryor, 2007), electric
cars (Bartolozzi et al., 2013), or methanol vehicles (Bicer and Dincer,
2017). On the other hand, some authors focused their studies on H2 for
shipping applications. Gilbert et al. (2018) quantified air emissions of nu-
merous potential fuels for shipping using secondary data, while Bicer and
Dincer (2018) developed an LCA of ammonia and H2 for sea transportation
vehicles. For its part, Bilgili (2021) identified alternative fuels and their en-
vironmental damages applied in marine transportation, including biodie-
sel, biogas, ethanol, and methanol, among others. At this point, it is
worth noting that most papers addressed H2 FC vehicles, mostly wheeled
automobiles, whereas LCA of H2 ICEs remains unexplored.

In this context, the present paper aims to carry out the LCA of a ship pro-
pelled by a H2 PEMFC and a H2 ICE, in order to compare the technologies
with the conventional one, a diesel ICE, from an environmental perspective.
Given that the current technologies readiness level (TLR) is still quite low,
this analysis consisted of an ex-ante LCA, aiming to assess emerging tech-
nologies at an early stage of development by exploring possible scenarios
of their future industrial implementation. Ex-ante LCA is usually associated
with various challenges, such as clear definition of the function of the future
system, uncertainties and the use of specifications originated from labora-
tory or from pilot-plants. Therefore, this assessment at an early stage of
R&D is crucial, enabling the reorientation of the technology development
towards decreased environmental burdens at lower costs (Tsoy et al.,
2020). Based on the previous state of art, this is the first application of
LCA to determine the environmental performance of H2 ICEs, in particular
for shipping applications. Hence, this article would serve to fill a gap re-
garding hydrogen-based technologies for mobile applications, allowing
the comparison with other propulsion alternatives already studied, such
as H2 FCs and diesel ICEs, and promoting the decarbonization of the sector
towards a more sustainable mobility.



Fig. 1. System boundaries of the scenarios. Top: scenario 1 (diesel ICE), middle:
scenario 2 (PEMFC), bottom: scenario 3 (H2 ICE).
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2. Materials and methods

According to the UNE-EN ISO14040 and 14,044 standards (ISO, 2006a,
2006b) themethodology applied for the LCA should include four stages, de-
scribed in the following sections: Goal and scope definition, life cycle inven-
tory (LCI), life cycle impact assessment (LCIA), and interpretation.

2.1. Goal, scope, and methodological framework

The goal of this study is to analyze the environmental impacts associ-
ated with a H2 PEMFC, a H2 ICE, and a diesel ICE destined to shipping dur-
ing its whole life cycle, in order to compare the conventional technology
with the H2-based alternatives, and to determine the most suitable option.
Secondary goals include the identification of the most polluting stages of
the life cycle of the products, as well as the recognition of the main chal-
lenges that must be faced towards a green mobility.

The scope includes the definition of the function and the functional unit
(FU). The FU is themeasurement of the function of the systems analysis that
enables these to be totally comparable among them (Abejón et al., 2020).
Given that the function is the energy generation to propel maritime vessels,
the FU definedwas 1 kWh of energy obtained from the PEMFC and the ICEs
systems. This reference is considered to be the proper FU to minimize pos-
sible biases in the results, in addition to being the recommended by the
European Commission (Maestre et al., 2021b). Even though the most com-
mon FU for mobile applications is the distance covered by the vehicle,
expressed per km, this FUwas discarded since for vessels, unlike road vehi-
cles, the impact caused differs significantly depending on the application.
The twoH2-based technologies considered in this study are intended for dif-
ferent applications based on their output power; the PEMFC is destined to
propel a small touristic boat, whereas the H2 ICE will be used in a wind
farm support vessel. Based on this, the technologies performance would
be quite different. In addition, ships consume most of their fuel in maneu-
vering, i.e., turning, stating, berthing, etc., so that a reference unit address-
ing the distance covered by the ship would not make much sense, at least
for the support vessel that spends most of the fuel maintaining stabilization
of the ship to carry outwindmill maintenance orfix operations. Finally, tak-
ing into account that most of the references that defined a FU of energy pro-
duced use 1 kWh as reference, this FUwas considered to be the appropriate
instead of other energy units, such as MJ.

With the aim of evaluating the systems, three scenarios were defined:
1) use of a diesel ICE, 2) use of a PEMFC system, and 3) use of a H2 ICE.
Fig. 1 shows the boundaries of the systems and the flow diagrams for the
scenarios. The scope, from cradle-to-grave, included all the stages of the
life cycle of the products, involving raw materials production, manufactur-
ing, use, and end-of-life (EoL). The transport both of raw materials and
products were excluded due to the low contribution showed by this phase
in other LCA studies (Granovskii et al., 2006). Therefore, the first stage is
the raw materials extraction and processing to obtain the materials and
pieces to manufacture the devices. Subsequently, the manufacture and as-
sembly of the products is carried out. In this stage, electricity from grid
mix is required to assemble all the components. Once the devices are ob-
tained, they are incorporated in the ships, along with the diesel or the hy-
drogen. In the case of the scenarios 2 and 3, H2 produced by methane
steam reforming (SMR), also known as grey H2, was considered as base
case, as it is the most implemented and economical production method
and, currently, taking this source into consideration would provide the
most realistic scenario for analysis (Parvatker and Eckelman, 2019). Fi-
nally, the last stage of the life cycle is the EoL of the systems, which consists
of the disassembling and recycling/recovery of the materials.

2.2. Data acquisition and life cycle inventory

LCI involves the compilation and calculation procedures in order to de-
termine the inputs and outputs of the product systems. The inputs include
both material and energy flows, whereas the outputs can be products or
emissions and waste to air, water, or soil (Ally and Pryor, 2007). In this
3

study, primary data were obtained from experimental information pro-
vided by two confidential companies, as well as from own assumptions
and calculations based on literature. Secondary data, i.e., background pro-
cesses, were collected from the GaBi database (Sphera, 2019).

2.2.1. Raw materials production
Table 1 reports a summary of the materials for the production of the

PEMFC system. The heart of the system, i.e., the PEMFC stack, was selected
based on its characteristics to accomplish the expected applications. There-
fore, the model FCgen® - LCS, commercialized by the company Ballard
(2021), was considered. This stack was designed to reach 12 kW of
power, for which 74 cells were required, adding a weight of 15.40 kg.
Table S.1 of the Supplementary Materials reports a more detailed inven-
tory, including the systems, components, subcomponents, units, etc., as
well as some assumptions made to complete the LCI.

Table 2 provides a summary of the materials to manufacture the diesel
and hydrogen ICEs. The model Volvo Penta D4300I, designed by Volvo
(Volvo Penta, 2021) was chosen for the analysis since it reaches 230 kW
of power, even though it was assumed towork at 205 kW, based on the rec-
ommendations of the engine manual. The total weight of the diesel ICEwas
about 636 kg, whereas the H2 ICE weighed approximately 642 kg, little



Table 1
Materials for the production of one PEMFC system.

Material Quantity (kg)

Steel 34.60
Copper cable 15.87
Aluminum 13.88
Graphite 13.20
Anodized aluminum 10.00
Plastic 6.36
Stainless steel 2.44
Polyphtalamide 2.25
Silicon 2.00
Resin 1.03
Glass fibers 0.75
Neodymium magnet 0.66
Brass 0.35
Ring core coil 0.24
Nafion® 0.19
Polyurethane foam 0.15
Paper 0.10
Rubber 0.01
Platinum 1.80· 10−3
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more than the diesel one due to the components that must be added to
adapt the engine to run on H2. Table S.2 of the Supplementary Materials re-
ports a detailed inventory, as well as hypotheses and assumptions. The
equivalence of each materials and the processes of the database is included
in Table S.3 of the Supplementary Materials.

2.2.2. Manufacturing
The energy consumption for the assembling of the technologies was cal-

culatedmultiplying the practical power of the equipmentwith themachining
time. For the PEMFC system, an estimation of 1194 kWhwas assumed, based
on Hussain et al. (2007) and Weiss et al. (2000), whereas for the ICEs it was
considered an energy input of 2750 kWh, according to Li et al. (2017).

2.2.3. Use stage
Regarding the fuels production, a H2 flow of 0.70 kg/h was required for

the PEMFC ship. For the ICEs, a diesel flow of 29.50 L/h should be intro-
duced to reach 205 kW. Farrell and Matthew (1998) reported that a H2

ICE has a lower power than a diesel one of the same sizes, resulting in
15% reduction in power. To maintain the output power considered (205
kW), it should be necessary a flow of 34.70 LN/h of hydrogen. The invento-
ries of the SMR and diesel production processes were collected from the
GaBi database (Sphera, 2019).

The emissions produced both in the use of PEMFC and engines were
taken into account. With regard to the diesel ICE, GHG, NOx, metals, and
particulate matter emissions, among others, were estimated. The emission
factors (EF) for CO2, CH4, and N2O were compilated from the IPCC
Table 2
Materials for the production of one (diesel and H2) ICE system (Volvo Penta, 2021).

Material Quantity diesel ICE (kg) Quantity H2 ICE (kg)

Steel 174.21 176.43
Aluminum 93.13 93.81
Plastic 42.16 42.26
Stainless steel 20.57 21.36
Cast aluminum 3.82 6.59
Cast iron 232.75
Rubber 16.74
Brass 11.93
High density polyethylene 8.34
Ethylene-propylene rubber 7.15
Copper cable 4.80
Polypropylene 4.06
Vinyl resin 1.47
Base oil 0.60
Silicon oxide 0.49
Polyester 0.23
Paper pleats 0.20

4

(Intergovernmental Panel on Climate Change) database (IPCC, 2006),
whereas the remaining EFwere collected from the EMEP-Corinair Emission
Inventory Handbook of 2006 (EEA, 2006). The summary of the EF is re-
ported in Table S.4 of the Supplementary Materials. The PEMFC system
only generates water vapor, so these emissions were neglected. The H2

ICE, in spite of offering a clean combustion in terms of CO2, CO, and hydro-
carbons, produces greater thermal NOx emissions. These impacts were cal-
culated according to the reference of Ortiz-Imedio et al. (2020), considering
an engine speed of 3000 rpm and a fuel/air ratio of 1.5.

2.2.4. End-of-life
The EoL of the systems starts with the dismantling of the devices, for

which the same energy as for the assembling was assumed since the same
machinery was used, and the energy consumption should be similar.
Hence, 1194 kWh for the PEMFC system and 2750 kWh for the ICEs sys-
tems were considered. In relation to the FC, EoL management options
were selected for the individual components of the system. Regarding the
stack, a valorization of Pt catalyst was assumed in order to obtain a second-
ary compound. A hydrometallurgical method, which consists of five stages
(leaching, separation via liquid-liquid extraction, regeneration, precipita-
tion, and filtration) was considered for this purpose. The inventory of the
reactants for the recycling of the Pt (1.80 g), is reported in Table S.5 in-
cluded in the Supplementary Materials. The main product of this treatment
is ammonium hexachloroplatinate, [NH4]2PtCl6, so it was assumed that
1 kg of this compound avoided the burden of 1 kg of platinum extracted
(Duclos et al., 2017). Likewise, the recovery of aluminum of the end plates
includes the melting of the Al in a furnace, requiring 400 kWh per ton of Al
(Suzuki and Tsujimura, 2015), and then, the product is used to produce sec-
ondary Al ingots. A substitution factor of 1:1 was assumed, i.e., 1 kg of sec-
ondary Al substitutes 1 kg of primary Al (Allegrini et al., 2015). The
membrane, composed of the copolymer Nafion® and the magnet of the
electrical engine are disposed of in landfill, whereas the bipolar plates,
made of graphite, are sent to a Waste-to-Energy (WtE) plant (Handley
et al., 2002). In relation to the remaining components of the FC system,
i.e., pumps, valves, sensors, and compressor, among others, could be
reused, whereas the rest is disposed of in a landfill. Plastic pieces are sent
to an WtE plant, while metal ones are recovered to produce new products.
For steel and stainless steel 600 kWh of energy per ton is required, and for
copper cables, the Cu is melted, considering an energy of 1223 kWh per
tonne (Li et al., 2013).

Regarding the ICEs, it was estimated that around 85% of the compo-
nents can be directly reused, which suppose about 90% of the materials.
Therefore, according to Li et al. (2013), 69% of steel, 99% of cast iron,
and 83% of aluminum pieces are refurbished and reused. The remaining
mass of these metals is sent to a furnace for melting, and, later, to produce
secondary ingots. The disposal and recovery of the plastics and copper ca-
bles is the same as for the PEMFC system.

2.3. Life cycle impact assessment

The life cycle impact assessment (LCIA) includes the selection of impact
categories, the assignation of the LCI results to the impact categories se-
lected (classification) and the calculation of indicators results (characteriza-
tion) (ISO, 2006b). The modelling was performed with the software
openLCA 1.10.3 (Greendelta, 2021) and the CML 2001 method (Guinée
et al., 2002). This LCIA method was considered appropriate because it
has the highest number of characterization factors compared to other
methods, and it is themostwidely used in LCA studies addressing hydrogen
energy systems (Valente et al., 2017). In addition, the midpoint CML family
of methods is the one recommended by the FC-HyGuide (Masoni and
Zamagni, 2011), which is a specific LCA guidance for H2 and FC technolo-
gies. Eleven CML categories were analyzed to have a global vision of the im-
pact of the systems: Global Warming Potential (GWP), expressed in kg CO2

eq., Acidification Potential (AP), measured in kg SO2 eq., Eutrophication
Potential (EP), expressed in kg PO4

3− eq., Ozone Layer Depletion Potential
(ODP), measured in kg R11 eq., Abiotic Depletion Potential elements and



Fig. 2. Hydrogen sources considered in the analysis.
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fossil (ADP elements and ADP fossil respectively), measured in kg Sb eq.
and MJ respectively, Freshwater Aquatic Ecotoxicity Potential (FAETP),
Human Toxicity Potential (HTP), Marine Ecotoxicity Potential (MAETP),
Terrestrial Ecotoxicity Potential (TETP), expressed in kg DCB eq., and Pho-
tochemical Ozone Creation Potential (POCP), estimated in kg C2H4 eq.

2.4. Influence of the hydrogen source

Finally, an analysis of different scenarios was conducted to investigate
the effect of different H2 sources to the overall impact of the technologies.
The four options considered in this assessment are illustrated in Fig. 2.
SMRwas considered as base case, as previouslymentioned, due to it presents
the most realistic scenario. Blue H2 avoids great amount of direct CO2 emis-
sions, adopting carbon capture and storage (CCS) afterwards the SMR
(Boretti, in press). The CCS technology considered was chemical absorption
withmonoethanolamine (MEA),which is a post-combustion capture strategy
to reduce CO2 of gaseous streams (Luis, 2016). Tables S.6. and S.7 of the Sup-
plementary Materials collect the inventory data for the manufacturing and
use of this unit. Secondly, electrolysis of brine is other suitable and cleaner
alternative, in which, along with H2, other compounds with high-market
value such asNaOHorHCl are produced. The inputs and outputs of this tech-
nology were collected from the GaBi database (Sphera, 2019). Finally, a
Fig. 3. Reductions in the impact categories achieved in
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gaseous waste stream of a coke oven, later referred to as COG, was consid-
ered as an alternative to promote the circular economy taking advantage of
a waste stream. For the use of COG in the FC, the purification of H2 is carried
out in a pressure swing adsorption unit (PSA) (Yáñez et al., 2020),which sep-
arates H2 through its adsorption in a solid surfacewhile it is subjected to high
pressures (Sircar and Golden, 2006). The modelling of the PSA unit was de-
veloped using as basis the energy demand and the correspondingmass flows
according to Abejón et al. (2020). To determine these energy requirements,
detailed in Table S.8 in the Supplementary Materials, the minimum and real
work to achieve a 99.97% H2 flow was calculated, based on the reference of
House et al. (2011). On the contrary, the COG stream can directly feed the
ICE to produce energy without the need of the PSA (Uma et al., 2004).

3. Results and discussion

3.1. Cradle-to-grave analysis

This section provides the environmental impacts produced by the sys-
tems considering the base case, i.e., implementing SMR as H2 production
method. The reductions in the impact categories achieved by the H2-
based technologies compared with the diesel ICE are illustrated in Fig. 3,
as well as the total burdens, reported in Table 3.
the scenario 2 (PEMFC) and scenario 3 (H2 ICE).



Table 3
Total environmental impacts per FU (1 kWh). Green cells represent lower impacts than diesel ICE, while red ones
indicate higher impacts.
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Based on Fig. 3, scenario 3, i.e., the H2 ICE system, turned out to be an
appropriate cleaner technology for shipping because, based on current public
domain information, it reported lower impacts than the diesel ICE in ten of
the eleven indicators. Reductions between 45.35% (HTP) and 99.28% (EP)
were achieved, representing an important environmental benefit, whereas
an increase of 4.53% was reported in ODP. For its part, scenario 2, i.e., the
PEMFC system, reported significant decreases in POCP (93.50%), AP
(97.86%), FAETP (54.73%), and MAETP (60.66%), while other five indica-
tors experimented considerable growths, ranging from 72.33% (AP) to
higher than 100% (HTP and ODP). In EP and GWP slight rises were accom-
plished, of 2.71% and 7.46%, respectively. In order to identify the origin of
Fig. 4. Contribution of each life cycle stage on the impact categories.
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these emissions and focus on critical materials, the contribution of each life
cycle stage to the overall impact was assessed, as Fig. 4 depicts.

GWP 100 years, ADP fossil and ADP elements are the most characteris-
tic indicators addressing decarbonization. GHG emissions ranged from 0.16
(H2 ICE) to 0.62 kg CO2 eq. (PEMFC),with a contribution of the use stage to
the total impact of practically 100% in the three scenarios. For the H2-based
technologies, these burdens came from the hydrogen production process
(SMR), as the PEMFC and ICE themselves do not generate carbon emissions.
In turn, half of GWP impact of scenario 1 was produced in the combustion
of diesel in the engine, whereas the other half was generated in the diesel
production. Likewise, ADP fossil impact, that laid between 2.87 (H2 ICE)
First bar: scenario 1, middle bar: scenario 2; last bar: scenario 3.



Table 4
GWP 100 years impact related to the technologies.

Technology GWP (kg CO2 eq./kWh) Reference

Diesel ICE 0.58 Present study
0.64 Alkaner and Zhou (2006)
0.60 Gilbert et al. (2018)
0.52 Ellingsen et al. (2016)

PEMFC system 0.62 Present study
1.06 Alkaner and Zhou (2006)
0.64 Bicer and Khalid (2020)
1.00 Gilbert et al. (2018)
0.51 Strazza et al. (2010)

H2 ICE 0.16 Present study
0.34 Desantes et al. (2020)
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and 11 MJ (PEMFC), was totally caused by the fuels production; diesel
comes from oil, whereas the SMR required fossil resources to synthetize
H2. However, for the case of ADP elements, there was a clear difference be-
tween the ICEs and the FC. In scenarios 1 and 3, resource depletion was
highly caused by the use phase, with a contribution around 80% of the
total. On the contrary, raw materials production proved to be the critical
stage in scenario 2 due to the use of stack-specific materials, such as plati-
num, which was identified as a critical material.

Toxicity-related indicators were primarily influenced by the raw mate-
rials production and use stages. For FAETP and MAETP, both H2-based tech-
nologies presented environmental benefits, while for HTP and TETP scenario
2 reported higher burdens than scenario 1. In MAETP, FAETP, and TETP, the
type of fuel made the difference in the impacts. In these indicators, the use
stage presented the major contribution in scenario 1, whereas raw materials
production did it in scenarios 2 and 3, where hydrogen is required. For
HTP, the components that assemble the PEMFC had a greater impact than
those of the ICEs, since the raw materials production was identified as the
main carrier of human toxicity effects in scenario 2. Regarding EP, in scenar-
ios with a combustion engine (1 and 3), rawmaterials production had practi-
cally no impact, while in the PEMFC (scenario 2) 60% of the emissions came
from this stage. This is explained by the fact that, whereas ICEs are made of
common materials, such as aluminum, iron, or steel, the PEMFC require
unique components with important impacts associated, like the Nafion®
membrane. Finally, both in AP and POCP the use stage represented the
major hotspot of the systems due to the fuels' production.

In relation to the manufacturing or assembling stage, it had a small con-
tribution in all impact categories since electricity from grid mix is the only
resource required in this stage. In turn, EoL had the greatest influence in
scenario 2, with significant avoided burdens in HTP, TETP, ADP elements
and FAETPdue to the reuse ofmaterials of the PEMFC and the recovery pro-
cesses of metal components. It is worth noting the positive impact of the
EoL in ODP for all scenarios, which is caused in the case of the ICEs by
the aluminum recovery process, and in the case of the FC by the recycling
of the permanent magnet electric motor.

To compare the environmental performance of the technologies studied
in this work against reference values reported by other authors, a biblio-
graphic search was carried out. This allows checking if the conducted LCA
is a representative analysis and if the results obtained are consistent with
the current state of the technologies, evidencing that the strategieswere prop-
erly established for the required purpose (shipping). Table 4 shows GWP im-
pacts reported by LCA-related references, considering the FU of 1 kWh. As
observed, GHG emissions calculated in this study are in the range of the
values found in literature. Both in the case of the diesel ICE and H2 PEMFC,
the emissions calculated, 0.58 kg CO2 eq./kWh and 0.62 kg CO2 eq./kWh re-
spectively, are quite similar to those reported by other authors. GHG emis-
sions of diesel ICE ranged between 0.52 (Ellingsen et al., 2016) and 0.64 kg
CO2 eq./kWh (Alkaner and Zhou, 2006). On the other hand, burdens for
the PEMFC reached 0.51 kg CO2 eq./kWh (Strazza et al., 2010), 0.64 kg
CO2 eq./kWh (Bicer and Khalid, 2020), or nearly 1.00 kg CO2 eq./kWh
(Gilbert et al., 2018; Alkaner and Zhou, 2006). Finally, only one paper that
reported the environmental impact values for the H2 ICE system was found,
which can be explained by the fact that this technology has hardly been
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studied from an environmental perspective. Desantes et al. (2020) reported
0.34 kg CO2 eq./kWh, which is double that the one calculated in this study
(0.16 kg CO2 eq./kWh). Thismay be due to the fact that this author evaluated
an H2 ICE for its application in road vehicles (cars), so that both design and
operation of the engine are influenced. In view of the results, the H2 ICE is
a competitive alternative for ships propulsion, so it reported the lowest envi-
ronmental impacts. Nevertheless, the PEMFC system presents great potential
and obtains similar impacts than the diesel ICE, so it must be studied in detail
and optimized in order to assure its competitiveness.

3.2. Influence of the H2 source

In this section, given that the use of the technologies was the most crit-
ical life cycle stage, an analysis based on the H2 productionmethodwas car-
ried out. Fig. 5 illustrates the environmental impact of the scenario 2
(PEMFC) and scenario 3 (H2 ICE) considering a cradle-to-grave approach
and the different H2 sources previously mentioned in Section 2.4: SMR,
SMR + CCS, brine electrolysis, and COG.

For both schemes, the SMR+ CCS produced lower impacts in GWP in-
dicator, whereas the remaining ten categories experimented increases to a
lesser or greater extent. This is explained by the fact that the H2 production
process was the same, i.e., SMR, but in the case of blue H2 it was considered
the manufacturing of the CCS plant, causing some categories to increase
due to the production of the raw materials. In counterpart, the use of the
CCS reduced 90% of direct CO2 emissions through the capture of the com-
pound in the adsorbent. This made the carbon footprint of the system de-
creased from 0.62 kg to 0.11 kg CO2 eq./kWh in scenario 2, and from
0.16 to 0.028 kg CO2 eq./kWh in scenario 3, representing a reduction of al-
most 80% of the total GHG emissions. This analysis stated that the imple-
mentation of CCS is not as favorable as expected initially, even though
GWPwas importantly reduced, highlighting the need for applying environ-
mental tools such as LCA, which enable the evaluation of different impact
categories to obtain a global vision of the systems.

Regarding the electrolysis, slightly higher burdens were obtained in
four of the eleven categories compared to SMR, which was associated to
the manufacturing of the technology. Significant reductions in GWP indica-
tor were observed, dropping from 0.62 to 0.062 kg CO2 eq. (90%) in sce-
nario 2 and from 0.16 to 0.004 kg CO2 eq. (97%) in scenario 3. This
makes sense since the electrolysis of brine does not emit pollutants, gener-
ating only sodium hydroxide and chlorine that can be used to other pur-
poses. A decrease of around 95% was achieved in ADP fossil indicator,
which is caused by the lack of use of fossil resources, while, on the contrary,
increases were observed in ADP elements, specially in scenario 2. In light of
these results, electrolysis demonstrated to have great potential, managing
to reduce the impact of technologies significantly, making the H2-based
technologies competitive against diesel ICEs.

Finally, in relation to the use of a COG stream, nine of the eleven cate-
gories presented lower impacts for the PEMFC compared to the SMR,
whereas for the ICE ten indicators reached smaller values. In both systems
the trend of the burdens was quite similar. The reduction in the category of
ADP fossil was noteworthy, dropping from 11.01 MJ to 0.85 MJ in the sce-
nario 2, and from 2.87 MJ to 7.34·10−3 MJ in the scenario 3. On the con-
trary, GWP impacts grew for this H2 source, being the increase very
significant for the ICE due to the direct emissions of CO2 generated in the
combustion of the gaseous mixture. For ADP elements, results varied from
the ICE to the PEMFC. In scenario 2, this indicator experimented an in-
crease of more than 100%, whereas in the ICE it decreased around 32%.
At this point, it would be advisable to optimize the process tomake it a com-
petitive alternative, considering, for instance, a renewable energy source,
such as solar or wind electricity, as the energy required for the H2 purifica-
tion was identified as the hotspot of the technology.

3.3. Challenges and implications for policy and industry

This paper aims to fill an existing research gap lying in the understand-
ing and comparison of ships with two different decarbonization strategies:



Fig. 5. Environmental impacts per FU (1 kWh) for each H2 source in a) scenario 2, and b) scenario 3.
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the use of PEMFC (scenario 2) and the consumption of H2 in an internal
combustion engine (scenario 3). Fig. 6 summarizes the results of scenarios
2 and 3 compared to scenario 1 (diesel ICE), with the indicators more re-
lated to decarbonization.
Scenario 3 Scenario 1 Scenario 2

GWP 100 years (kg CO2 eq.) 1.62 10-1 5.80 10-1 6.23 10-1

Environmental burdens intensity
- +

ADP fossil (MJ) 2.87 5.73 11.02

ADP elements (kg Sb eq.) 1.39 10-8 3.60 10-8 6.20 10-8

Fig. 6. Summary of the impacts associated with decarbonization.
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As explained in the previous section, scenario 3, associated with the
H2 ICE, appeared to be the most favorable in terms of decarbonization.
The main indicator that allows us to evaluate the progress of the energy
transition in the sector, GWP, reflected the significant reduction in GHG
emissions, achieving a 72% drop with respect to scenario 1. The imple-
mentation of this technological proposal would make it possible to
achieve the goal of a 30% reduction in GHG emissions by 2030, and
would contribute significantly to reaching a climate neutrality scenario
by 2050. Thus, this technology is in line with the objectives of the
European Green Deal, helping Europe to the transition to a green and
sustainable economy. On the contrary, always taking into account the
low degree of maturity of H2 FCs at present, the incorporation of this
technology would not only be detrimental from an emissions point of
view, but also from the perspective of consumption of non-renewable
resources. However, in view of the speed of technical development
and technological advance of the technologies, it is possible that in the
short-medium term future this alternative will be as viable as the hydro-
gen engines analyzed in this study.
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Although this work presents an advance in the field, there is still a long
way to go. There are so far several challenges mainly related to the model-
ling, ‘proof of concept’, and the implementation of the technologies onboard
(Romano and Yang, 2021), causing the environmental performance of the
systems to be distorted in reality. In addition, other promising technologies
andmeasures could be implemented to facilitate the pathway to achieve the
international target of 90% GHG emissions reduction by 2050. The use of
alternative fuels stands out between all themeasures. The application of liq-
uefied natural gas (LNG), ammonia, or methanol, among other biofuels, are
applied in shipping on an experimental basis due to their high potential
(Mallouppas and Yfantis, 2021). However, there exists no ready solutions
to avoid the GHG emissions in the short-term, since as in the case of H2,
most of their environmental performance depend on the degree of sustain-
ability of their production processes, and other technical and economical
variables. On the other hand, several operational and technological changes
could reduce shipping emissions via increased efficiency, such as the use of
wind propulsion assistance, slow steaming, low resistance hull coatings, and
waste heat recovery systems (Balcome et al., 2019).

Policy action and industry agreement is also crucial to encourage the ad-
vancement of emerging innovative technologies and fuels. In order to boost
the diffusion and maturity level of H2 energy systems, several measures are
needed, such as the deployment of standards across the hydrogen technol-
ogy manufacturing and installation industry, as well as policies to encour-
age the spread of low carbon vehicles (Parra et al., 2019). From a
stakeholder perspective, vehicle and energy companies must stand out for
their involvement in hydrogen energy R&D and reformation technology
by taking part in projects and energy research programs that promote this
initiative and facilitate the accessibility and availability of this resource to
consumers (Solomon and Banerjee, 2006). In turn, current regulations
across the mobility and power industry need to be adapted for an effective
penetration of H2 energy systems (Parra et al., 2019). Even though there is a
broad scientific and political consensus that the sector's emissions need to
be reduced, there is no agreement on how the transitionwould be achieved
politically: there is nomarket case nor significant pressure for a transforma-
tive shift in the adoption of new technologies or the introduction of low-
carbon fuels (Gössling et al., 2021). Therefore, it is mandatory that
policy-makers create frameworks that incentivize the emerging role of
cross-sectoral technologies by strengthening and amending the existing re-
newable energy policies, developing public and industrial promotional pro-
grams and incentives, establishing standards, targets, and evaluation
systems, or facilitating the access for national and international stake-
holders (Adiyita and Aziz, 2021).

4. Conclusions

Currently, environmental challenges related to transport, particularly to
shipping, are focused on reducing the emissions derived from the use of fos-
sil fuels. To guarantee cleaner andmore sustainablemobility, it is necessary
to evaluate alternative technologies and low carbon fuels assessing and act-
ing on all stages of their life cycle. In this study, LCA was used to compare
and determine the viability of two hydrogen-fueled propulsion technolo-
gies, PEMFC and ICE, to traditional diesel ICEs in terms of GHG emissions,
resource use and toxicity potentials, among other environmental issues.

Based on LCA results, both H2-based technologies presented great po-
tential to become a future diesel substitute. The H2 ICE seemed to present
the best environmental performance, reporting significant reductions in
ten of the eleven indicators compared with the conventional technology.
In turn, the H2 PEMFC showed important decreases in four impact catego-
ries, whereas the remaining seven increased to a lesser or greater extent.
Focusing on decarbonization-related indicators, it is worth noting that H2

ICE would facilitate the energy transition in shipping in a medium to
long-term, as it achieved reductions between 45% and 72% in GWP, ADP
fossil and ADP elements, while for the PEMFC these burdens grew from
about 7% to 90%. However, it cannot be unquestionably concluded that
ICE is the most sustainable alternative, or that FC has a poor environmental
performance, as LCA was conducted at a very early stage, where the
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technologies readiness level is still quite low. In fact, H2 ICEs or hybrid
vehicles have not been demonstrated yet, and the sustainability of the tech-
nologiesmay change as they becomemorewidely deployed anddeveloped,
which is only possible with policy involvement. Their potential becomes
more evident when analysing different H2 sources. Both technologies dem-
onstrated their crucial role in sustainable mobility due to the low (ICE) or
non-existent (PEMFC) polluting emissions in their use, presenting a great
environmental behavior if cleaner production processes are implemented.
Hence, the development, optimization and implementation of cleaner tech-
nologies such as brine electrolysis or the recovery of H2 from a waste
stream, is strongly recommended to put into practice and introduce these
promising alternatives into the market.

However, there is still a long way to reach a hydrogen-based economy.
Numerous challenges must be overcome to achieve this transition, mainly
related to technical aspects, such as incomplete regulations or specifica-
tions, economic, like high costs and investments, or social ones, such as un-
clear public acceptance. At a time when concern for environmental
problems, specially climate change, is at its highest point, it is worrying
and surprising the lack of involvement and scarcity of supporting policies
to achieve the transition. The development of the H2 industry needs explicit
and active support from governments, establishing technological strategies,
providing financial support for R&D of H2 production or storage technolo-
gies, as well as infrastructure, integrating social stakeholders and achieving
social acceptance. Only the establishment of a strong government interven-
tion frameworkwill help to reduce the risk in the early transitional business
cases, so it is essential the full cooperation between governments, enter-
prises, scientific research institutions and public.
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