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ABSTRACT

The shipping sector is facing increasing pressure to implement clean fuels and drivetrains. Especially hydrogen-
fuel cell drivetrains seem attractive. Although several studies have been conducted to assess the carbon footprint
of hydrogen and its application in ships, their results remain hard to interpret and compare. Namely, it is
necessary to include a variety of drivetrain solutions, and different studies are based on various assumptions and
are expressed in other units. This paper addresses this problem by offering a three-step meta-review of life cycle
assessment studies. First, a literature review was conducted. Second, results from the literature were harmonized
to make the different analyses comparable, serving cross-examination. The entire life cycle of both the fuels and
drivetrains were included. The results showed that the dominant impact was fuel use and related fuel production.
And finally, life-cycle hot spots have been identified by looking at the effect of specific configurations in more
detail. Hydrogen production by electrolysis powered by wind has the most negligible impact. For this ultra-low
carbon pathway, the modes of hydrogen transport and the use of specific materials and components become

relevant.

1. Introduction

The earth is increasingly facing the negative effect of environmental
pressures caused by human activity [1,2]. Transport contributes signif-
icantly to global warming and air pollution [3,4]. The maritime sector is
particularly crucial, as its transport represents 80-90% of international
trade by volume [5-7]. Currently, this sector contributes 3% of
anthropogenic greenhouse gas emissions [8,9]. But carbon dioxide
emissions for the sector are projected to grow by a substantial
150-250% by 2050 [8], undermining the objectives of the Paris Climate
Agreement. In addition, the shipping sector is responsible for 13-15% of
SO, and 12-13% of NOy emissions, which negatively impact the envi-
ronment and human health [10]. Therefore, the sector faces increased
attention, regulation, and emissions pricing, especially in the European
Union [7,11,12].

Deep decarbonization of the shipping industry requires transitioning
towards alternative fuels and conversion systems. Different options are
being considered: liquefied natural gas or biogas, biofuels, methanol,
ammonia, hydrogen, synthetic fuels, or battery-electric systems; in
combination with electric or combustion engines or fuel cells [7,13-23].

* Corresponding author.
E-mail address: a.f.kirkels@tue.nl (A.F. Kirkels).

While all these options are relevant, some applications have higher
overall efficiencies, lower carbon footprint, or higher technological
readiness and can be implemented in the short term — thereby creating a
valuable learning experience and momentum for the transition towards
sustainable systems. Especially inland shipping is an interesting niche in
which early applications are being explored, as it combines standard
routes, relatively small travel distances, and localized infrastructure.
Hydrogen-based propulsion in combination with fuel cells is prom-
ising due to high fuel conversion efficiencies resulting in suitability for
mid-range shipping up to several hundreds of kilometers [16]. More-
over, it is inherently clean since it emits no carbon dioxide or other
substances. A disadvantage is its low volumetric energy density, which
can be overcome by using liquid hydrogen or converting hydrogen into
liquid ammonia. Another option is the power-to-fuels route to produce
hydrogen and subsequently create synthetic fuels like diesel or jet fuel.
However, due to its lower overall energy efficiency and higher costs, this
is mainly considered for ‘difficult’” applications like aviation or
long-distance shipping [14,24-27]. Hydrogen is increasingly starting to
find applications, and it receives strong support as an energy carrier for
the future [15,28-30] — what is referred to as the hydrogen economy.
Multiple ways of producing and converting hydrogen are being explored
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Abbreviations

CCS Carbon Capture and Storage

CO- Carbon dioxide

GE Grid Electrolysis

Hy Hydrogen

LCA Life Cycle Assessment

MGO Marine Gas Oil

MSR Methane Steam Reforming

NH3 Ammonia

PEMFC Proton Exchange Membrane Fuel Cell
SOFC Solid Oxide Fuel Cell

in this context.

However, hydrogen production is not free of impacts. It raises the
question of what the impact is of different hydrogen-conversion path-
ways. This is a challenging question to answer, as most emissions shift
upstream (mining, production) and occur out of sight. A carbon foot-
print study or life cycle assessment (LCA) can provide insight by
assessing the emissions over the entire product life cycle: covering
resource mining, production, use, and waste phase. In the shipping
sector, several of these studies exist [18,31-33], including some
covering the hydrogen option [34-37]. However, comparing their re-
sults is often challenging and confusing: different fuel-drivetrain con-
figurations are considered under varying conditions, results are
expressed in other units, assumptions are not always explicitly stated,
and frequently different methodologies and datasets are used.

We argue in this context, on the one hand, for the need to harmonize
results to support strategic decision-making by stakeholders in the
maritime industry, and on the other hand, for a more nuanced and
detailed assessment to better understand the cause of differences be-
tween studies. So, the research question is: ‘What is the carbon footprint of
hydrogen-based maritime propulsion systems, and what are the life-cycle
hotspots causing these emissions.” The total energy use of a ship depends
on three factors: external circumstances (e.g. wind, current, waves); ship
characteristics (e.g. shape, draft, speed); and the drivetrain and fuel
applied. That latter holds our interest, as the first two will remain un-
changed if alternative fuels are used. More specifically, the focus will be
on low-carbon options that can support the sector to become climate
neutral.

The relevance of reviewing and cross-examining LCA studies is
widely recognized - see section 2. It holds clear benefits as it can help
identify different system configurations, parameters, and assumptions
and their consequences while increasing the accuracy and reliability of
overall results [38]. However, thorough reviewing and harmonization of
results is not a sinecure. Drawing a generalized conclusion from these
LCA studies is complicated by the wide variety of methodological
choices made in the studies that may have profound effects on the final
results [39-44].

To overcome these challenges, a three-step approach will be used.
First, a qualitative literature review will be conducted of existing LCA
studies of hydrogen-based systems for shipping. Second, based on these
studies and additional literature, results are harmonized to assess the
carbon footprint of 8 different hydrogen pathways and 1 diesel reference
case. Finally, data gaps and uncertainties in existing literature are
addressed in the third step by collecting additional inventory and impact
data from secondary sources for a more detailed assessment and
contribution analysis of ultra-low carbon options.

The following paragraph will introduce the literature on LCA and the
relevance of review articles in this field. Next, paragraph 3 will intro-
duce the methodology, including options to compare, system bound-
aries, functional unit, and literature selection. Then, paragraph 4 will
discuss the results, and paragraph 5 will present the conclusions and
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discussions.
2. Value of reviewing LCA literature

Life-Cycle Assessment is a widely used and mature methodology for
assessing the environmental impacts of a product, process, or system
over its entire life cycle [45,46]. The life cycle includes the sourcing and
processing of raw materials, the manufacturing, and assembling of parts,
the distribution of the final product, its usage, and its disposal.

The existing body of LCA literature provides valuable information
and insight into the possible emissions of specific alternatives for ship-
ping fuels and drivetrains. However, neither of these studies provides a
complete and comprehensive picture of the total life-cycle emissions, the
key impacts, and the most critical uncertainties. In contrast, LCA studies
on hydrogen-fuel cell systems for road vehicles typically cover impacts
across the entire life cycle [47-49].

Harmonization of results from different studies is complicated due to
the variations mentioned above in methodological assumptions. Dif-
ferences between studies may result in a perception of inconclusiveness
concerning the “true” environmental impacts of alternative shipping
systems. Strategies to deal with these differences have focused on
increasing methodological transparency [42,43,50], statistical analysis
of uncertainties [39,41,51], and qualitative assessments of assumptions
[52,53]. In recent years, qualitative methods have received particular
attention for creating situation-specific insights for decision-makers [43,
52,54,55].

A meta-review of existing LCA literature combines qualitative and
quantitative approaches [56]. Meta reviews can solidify or challenge
assumptions and conclusions regarding different system configurations
and their impact [57]. They can help understand critical uncertainties
and system parameters better, thereby explaining discrepancies between
various studies [38,58]. This approach has recently gained popularity. It
has been employed in a variety of different industries, including the food
sector [59], waste processing [60], building industry [61], solar PV
manufacturing [62], and Carbon Capture and Storage [63]. This wide-
spread application of the meta-analysis points to the prevalence of un-
certainties in LCA studies and illustrates the need to make sense of
conflicting results.

3. Methodology

The three-step approach will be described in the upcoming sub-
sections: literature review, cross-examination of harmonized results,
and a more detailed assessment of ultra-low carbon options. The
research was conducted between September 2020 and July 2021. The
first step, the literature review, has been updated to include studies until
May 2022.

3.1. STEP 1: literature review

First, academic and grey literature was retrieved by using the search
engines ScienceDirect, ResearchGate, Scopus, Google Scholar, and
Google. The search queries typically included: marine or shipping; life
cycle assessment, LCA, carbon footprint, or environmental impact
assessment; and fuel, drivetrain, or propulsion. The most relevant arti-
cles were selected, initially by the title and abstract and subsequently by
quick scanning of the full articles. The focus was on LCA studies that
included hydrogen or ammonia for shipping, but studies on diesel were
also included in support of a reference scenario. Used exclusion criteria
were: an exclusive focus on alternative fossil fuel options; a focus on low-
carbon options but not considering a hydrogen/ammonia option; or an
exclusive focus on contextual factors (e.g. weather, current) or ship
characteristics (e.g. draft, resistance) without considering the propul-
sion system and fuels applied. Literature on methanol fuel was included,
as methanol is produced from hydrogen, and as such, this literature is
relevant for reconstructing and assessing upstream processes. Also
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included is literature on battery systems, as batteries can be used in
combination with hydrogen-fuel cells to come to an economically more
optimal configuration — as was also done in this study; see the following
sub-section. Subsequently, the selected literature was assessed to iden-
tify which fuels were studied and which scoping was applied (fuel
production, drivetrain life cycle, shipping, or fuel transport), see Ap-
pendix A. Also, broader issues were identified to discuss the field,
ongoing discussions, critical findings, and potential barriers for com-
parison, see section 4.1. The initial literature search was conducted at
the beginning of the research in 2020, followed by a second search in
2022 to include recent results.

3.2. STEP 2: cross-examination of harmonized results

In the second step, the different studies are harmonized in three
consecutive stages, each described in more detail below. First, clear
system boundaries and a detailed functional unit are defined. Next, nine
specific fuel-conversion pathways are identified and dimensioned
accordingly. And finally, the results of different studies are recalculated
to allow for cross-examination.

The scope of the study is defined to include the entire life cycle of the
ship’s propulsion system. It consists of the fuel and power system’s
complete life cycle, in line with the GREET approach for vehicle tech-
nology [64] — see Fig. 1.

As unit of analysis, the functional unit is defined as: “Serving the
power requirements of a standard inland container ship, with a maximum
tonnage greater than 2000 tonnes, traveling 220 trips per year of 200 km
each, for 30 years”. This type of ship relates to a standard-size inland
container ship often used in the Netherlands (dimensions: size
110*11.5*3.5 m). Each ship has three power requirements: the stern
propeller, which propels the ship; the bow propellers for sharp steering
(e.g. in the harbor); and electrical power for hotel functions (lighting,
communication, etc.) both during sailing and in port - in case the ship
cannot plugin into the grid. In addition, refueling should be possible
within hours to allow for 220 trips per year.

Next, the most relevant fuel-conversion pathways were identified.
Nine different fuel-conversion pathways are selected, each relating to a
specific primary energy source, fuel production of a particular energy
carrier, and final energy conversion, see Fig. 2. The first pathway is the
base-case scenario using Marine Gas Oil (MGO) driving an Internal
Combustion Engine (ICE). In addition, four pathways are based on
hydrogen and a Proton Exchange Membrane Fuel Cell (PEMFC). And
another four pathways assume the conversion of hydrogen to ammonia

Scope &
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A
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to make it easier to store the fuel, followed by a final conversion by a
Solid Oxide Fuel Cell (SOFC). All eight fuel-cell pathways use electro-
motors to drive the shafts and use lithium-ion batteries for extra peak
power, fast response time, and powering the bow propellers. Initial
production of hydrogen is either by Methane Steam Reforming (MSR) of
natural gas (with or without Carbon Capture and Storage (CCS)) or by
electrolysis based on either grid electricity or renewable power. The
composition of the grid electricity mixes and selected renewable power
sources vary depending on the underlying reviewed LCA literature.

To dimension the systems, the required power and energy have been
determined based on the load-duration curve of a similar vessel [65].
Analysis of this curve showed that the energy use is dominated by
propulsion by the stern propellers (~97%). The bow propellers are
rarely used, so their energy use is negligible. The hotel functions makeup
2-3% of total energy use. Maximum power is determined by peak-load
requirements: 1250 kW at the stern propeller (although typically the
load stays below 750 kW for 99.5% of the trip), 375 kW for bow pro-
pellers, and 50 kW for hotelling functions. The total energy required per
trip is 9000 kWh at the shaft, which determines the amount of fuel
storage needed for the ship, taking an extra 10% safety margin into
account. In addition, in this step, the conversion efficiency is assumed
for combustion engines (33%), fuel cells (50%), electromotors (90%),
and charge-discharge efficiency for batteries (95%). The batteries are
charged with power from the fuel cells.

For pathway 1, the base case of marine gas oil, this results in a 1250
kW diesel engine for the stern thruster, 375 kW diesel engine for the bow
thrusters, and a 50 kW diesel generator for hotel functions. All
hydrogen/ammonia pathways are dimensioned at 825 kW power output
by the fuel cells (resulting in 750 kW shaft power, considering the
electromotors’ efficiency) and 504 kW backup power by batteries. The
provided power can be directed to either stern or bow propellers or can
be used for hotelling functions. A type IV tank of 50 m® at 300 bar is used
for hydrogen storage, dimensioned to contain enough fuel for a round
trip. This type of tank holds the strategic advantage that it allows storage
of hydrogen at higher pressures and, as such, would allow for even
longer distances. For ammonia, a 25 m® type III storage tank is used.
Components with lifetimes shorter than 30 years need a replacement
one to four times, see Table 1.

The next step was harmonizing existing studies to the systems and
dimensions as indicated above. All studies that were identified in the
first reviewing step were assessed on whether these could be harmo-
nized. This required 1) the inclusion of one or more of the fuel-
conversion options identified above; and 2) being transparent in

Power System
Manufacturing

Raw Materials
Acquisition
v
Raw Materials
Processing

v

Power System _
Construction
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Operation |

End-of-Life Material +
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Fig. 1. System boundaries.
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Fig. 2. The nine analyzed fuel-conversion pathways.

Table 1
The required number of components for a 30-year lifetime of the ship.

Component Lifetime Number of components during 30-year
(years) lifetime
Diesel engine 30 1
Electromotor 15 2
Fuel cell - stack 7.5 4
Fuel cell - Balance-of- 30 1
plant
Fuel storage tanks 20 2
Li-ion battery 10 3

scoping, assumptions, and disclosing data. Studies were considered
either when they covered the full life cycle or when they covered one of
the life cycle stages in enough detail. Only four studies met these
criteria: Bengtson et al. (2011), Gilbert et al. (2018), Hydrogen Council
(2021), and Lloyd’s Register (2019) [31,36,66,67].

But the operationalization of the functional unit allowed us to renew
the search and identify and include additional studies that focused on
the fuel-conversion options but were not explicitly focused on the
shipping sector. Search queries included (combinations of) diesel en-
gine, fuel cell, hydrogen, ammonia, battery, and electrolysis. Studies
were included that covered either the entire life cycle or specific life
cycle stages. In total, 46 studies were considered, see appendix A. For
harmonization, standardizing all studies in detail would be impossible.
The focus was on standardizing power output, lifetime, and fuel-
conversion pathway configurations. For the 46 studies, first, the re-
sults were split up per “component” of the different fuel-conversion
pathways: fuel production, fuel storage and distribution, system opera-
tion, and fuel converter manufacturing. Next, per component conversion
and scaling were applied: to kg of fuel output (fuel production), liters of
transported fuel (fuel storage and distribution), kW of rated power
(energy converters), and kWh of energy capacity (backup batteries).
Linear scaling was assumed for all components. Finally, the individual
components were recombined to represent the fuel-conversion path-
ways of Fig. 2, considering the replacement rate of components
(Table 1). This resulted in 15.240 unique datapoints for the carbon
footprint of fuel-conversion pathways. It can be considered a rich rep-
resentation of the theoretical possibility space, representing carbon
footprints under a wide diversity of assumptions, conditions, and
choices. It allows drawing on the power of big data to conclude on av-
erages and variation and thereby support robust conclusions.

3.3. STEP 3: detailed assessment

Next, in step 3, additional detailed assessments were conducted on
specific topics that affect the carbon footprint. These more detailed
studies help to understand the variation in outcomes between studies
and the potential of ultra-low-carbon hydrogen options for the future.
Specific topics studied included the influence of 1) specific renewable
energy sources; 2) fuel transport; 3) fuel cell efficiency; and 4)
manufacturing of fuel cells. Thirty-one of the studies of steps 1 and 2
provided enough detail to be relevant for this third step. To fill data
gaps, additional queries were conducted on hydrogen and ammonia
production, fuel cell manufacturing, and transport. This resulted in an
addition of 19 studies, see appendix A. The methodological details of
these four more detailed assessments have been included in the results
section to improve overall readability.

4. Results

Section 4.1 presents the results of the review of existing LCA litera-
ture on alternative shipping fuel and drivetrains. Section 4.2 presents
the harmonized results of the full life cycle impacts of the analyzed
systems. And finally, section 4.3 shows the results of the more detailed
assessments on electrolysis by renewable power, the hydrogen trans-
portation phase, fuel cell efficiency, and the manufacturing of the
drivetrain.

4.1. Step 1: reviewing LCA studies in the shipping sector

The initial literature search and selection provided 21 articles and
reports from various academic journals and grey literature, see appendix
A. The articles are typically published in journals related to (renewable)
energy, impact assessment, or maritime engineering. There has been a
substantial increase in literature after 2016 and especially since 2021,
indicating the upcoming relevance of the topic. There are differences in
scoping: some studies focus on a ship’s life cycle [68-70]; others focus
on the fuel cycle [13,34,66,71,72]. The considered impacts are only
global warming [20,34,73] or multiple environmental impacts [35-37,
68].

A wide variety of use cases are considered that hugely affect the
outcomes of the studies. A crucial factor is the type of ship considered:
ship size; inland ships or ocean steamers; and differences in the function
of the ship, e.g., cargo ship, passenger ferry, dredger, tanker, wind farm
support vessel [35,37,68,74-76]. The type and function of the ship
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directly relate to shipping characteristics (draft, resistance, amount of
hotel functions) and the use cases (no movement, mainly maneuvering
or steady cruising; shipping time and distance; wind and current that the
ship will have to face; cargo load; speed). The geographic scoping can be
relevant (e.g. Europe, China) as this might strongly influence fuel pro-
duction data, especially by the electricity mix [36,76] and potentially as
well by shipping standards and regulations. Mainly studies have been
conducted for Europe. Most studies are of the past decade and assess the
‘current’ state, while some also consider a future state, typically using
2050 scenarios [36,73]. Several recent studies use GREET model for
greenhouse gas emissions [33,37,76]; others use other LCA software or
datasets (Ecoinvent, Simapro, GaBi, openLCA, TEAMS, LBST E3data-
base, or literature).

Some studies focus only on fossil-fuel-based options, like diesel,
Heavy Fuel Oil, Marine Diesel Oil, and Liquified Natural Gas [31,32,77].
These will be taken into account for reconstructing the diesel base sce-
nario. Twelve studies consider the hydrogen option. Some of them are
entirely focused on hydrogen [73,74,78]; others compare hydrogen
options to alternative fuels [20,34,36,66,76]. Hydrogen is produced by
SMR (either with or without CCS) or electrolysis. Electrolysis uses
electricity from the grid or from renewables (wind, biomass,
geothermal, waste incineration). For hydrogen conversion, typically,
fuel cells are used, although not all studies clearly specify this. Only
Fernandez-Rios [35] considers the use of internal combustion engines.

Three studies stand out for being more specific and detailed. First,
Gilbert et al. [36] conduct a comparative LCA of twelve alternative
shipping fuels in a Well-to-Propellor analysis. Results are differentiated
between operational and upstream emissions and the contribution of
different greenhouse gasses. According to this study, for hydrogen, only
upstream emissions are relevant (during use, no greenhouse gas emis-
sions are released), and CO5 emissions contribute to over 90% of the
global warming impact. The study contains an extensive sensitivity
analysis of fuel cycle parameters and considers different grid emission
factors for 2020 and 2050. While in the current situation, only hydrogen
production by electrolysis based on renewables is advantageous, for
2050, SMR + CCS could also lead to a significant emission reduction.
Second, Bicer and Dicer [68] compare hydrogen and ammonia,
including dual fuel options for transoceanic transport by freight ships
and tankers. The study includes the production of the ship and port fa-
cilities. Results show that operation (fuel use and fuel production) has a
dominant impact (64-79%). However, for dual fuel use (ammonia--
heavy fuel oil), the maintenance and operation of the port also have a
significant contribution (31%). And finally, Perci¢ et al. [37] study the
application of fuel cells in short-sea shipping. Its main contribution is the
many alternative hydrogen configurations that are being compared: for
three types of ships; grey (gas-based SMR), blue (with CCS), and green
(based on renewables); and for SOFC and PEMFC conversion, both on
the ship and land.

Different studies come to results in other units: tonne CO, equivalent
over a ship’s lifetime; or related to transport distance (kg CO2 per
kilometer, nautical mile, tonne-km, or passenger-km); or related to en-
ergy output (kg CO, per MJ fuel or kWh shaft power). This variety in
data and units, combined with the variety of scoping (ships, life cycle,
geography, time) and the usage of specific assumptions or data sets,
makes it hard to compare the different studies. And even when studies
are comparable, the results might show a wide range and therefore be
inconclusive. For example, Fernandez-Rios et al. [35] compared five
studies on the same technology, PEMFC based on SMR of natural gas,
indicating a range of 0.51-1.06 kg CO5 eq./kWh. Still, there are some
general trends. Typically, natural-gas-based hydrogen production by
Steam Methane Reforming shows an increase in global warming emis-
sions compared to the diesel base case. Hydrogen production by SMR +
CCS can significantly reduce emissions by up to 50-75% [37]. If
hydrogen is produced by electrolysis using renewable power, the carbon
footprint is reduced further to 84-89% compared to diesel [37,78], and
a reduction with a factor of 10-50 compared to hydrogen SMR [34,36,
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66].

Most of these studies show several shortcomings: disregarding the
impact of manufacturing the drivetrain and related components; not
specifying well the electricity mix used for electrolysis or considering
only a few (renewable) power sources; the differences in scoping and
functional units, which makes it hard to compare studies; and lacking
detailed data and conclusions on hot spots (e.g. most relevant life cycle
stages, processes, materials).

4.2. Step 2: harmonized results

The studies have been standardized by relating them to the pre-
defined systems configurations and functional units, see section 3.2. For
this purpose, four studies from step 1 have been used that disclosed
enough detail and data. In addition, 41 additional studies have been
identified that provide information about hydrogen production, batte-
ries, or fuel cells, without a specific focus on maritime applications. For
all nine fuel-conversion pathways, the total carbon footprint has been
calculated over the ship’s lifetime, see Fig. 3.

On average, the base-case diesel pathway produces 57 ktonnes of
CO,, over the vessel’s entire life cycle. Hydrogen production via elec-
trolysis by using grid electricity (GE) results in a significant increase in
emissions compared to the base case, up to 100 ktonnes for both PEMFC
and SOFC. This is due to the relatively low efficiency of traditional
power plants and the relatively high carbon intensity of coal, often used
as fuel for power production. In contrast, electrolysis using renewable
electricity (RE) and the application of carbon capture and storage (CCS)
both significantly reduce the carbon footprint, with total emissions in
the range of 10-27 ktonnes of CO,. While looking in more detail, the
renewable energy options consistently outperform the Methane Steam
Reforming with carbon capture and storage options. The pathways
based on Methane Steam Reforming without carbon capture and storage
- currently frequently used for hydrogen production - score in a similar
range as the diesel base case (44-57 ktonnes of CO3).

Results suggest that routes based on hydrogen-PEMFC fuel cells score
better than the hydrogen-ammonia-SOFC routes. This difference might
result from the extra process step, the Haber-Bosch process that pro-
duces ammonia from hydrogen, which might reduce the overall effi-
ciency, or the higher temperatures at which SOFC operates. These
explanations would hold for all SOFC options. However, in the figure,
scores from PEMFC and SOFC based on grid electricity are similar. Also,
for the other pathways, the relative differences are not consistent. The
ratio between the carbon footprint of SOFC versus PEMFC differs from
1.3 to 2 for the Methane Steam Reforming pathways, respectively,
without and with CCS. The results and analysis do not offer a clear
explanation for these differences.

Most fuel-conversion pathways show significant variation between
minimum and maximum scores, resulting from differences in the un-
derlying studies. One of the contributing factors is the difference in
background electricity mixes used in the different studies. The variation
is more prominent for SOFC pathways. A potential explanation can be
found in the extra Haber-Bosch process step. Also, in the SOFC pathway,
heat integration between MSR and Haber-Bosch might play a role. Due
to differences in allocation in the underlying studies of heat integration
and the followed approach (component level split up followed by
recombining into pathways), this might have resulted in under- or
overestimation of the total carbon footprint.

Especially for low-carbon options, the relative uncertainty is high.
For example, for hydrogen production by electrolysis based on renew-
able power, the impact ranges from 3.3 to 26.0 ktonnes for PEMFC and
6.7-36.5 ktonnes for SOFC. As these might be preferred transition
pathways for low-carbon shipping, these differences in results are
interesting to study in more detail — as is done in the next step.

Next, for each pathway (average case), the relative contribution of
the different life cycle phases and components is analyzed, see Fig. 4.
The fuel production stage strongly dominates the overall impact in each
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Fig. 3. The total carbon footprint of the nine fuel-conversion pathways, based on 15.240 unique datapoints. The Box and Whisker plots indicate the distribution of
results by representing the median and the four quartiles. In addition, the average value is represented by ‘X’.
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Fig. 4. The relative contribution of the different life cycle phases and components to the overall carbon footprint of the nine fuel-conversion pathways.

pathway, as that stage is responsible for 80-98% of life cycle emissions.
For low-carbon options, the effect of manufacturing the energy con-
verter and the storage tanks (for PEMFC) becomes relevant. Although
their combined impact remains still very modest, contributing 8-20% to
the overall carbon footprint.

4.3. Step 3: detailed assessment and analysis

The previous section highlighted the potential of low-carbon path-
ways based on electrolysis using renewable power sources, but there are
significant differences between the underlying studies. Therefore, a
more detailed assessment was conducted on crucial assumptions and
parameters to explore these differences. The focus was mainly on the
fuel production and delivery stage, as it had a dominant impact: what is
the effect of using different renewables, varying fuel transport modes,

and fuel cell efficiency? In addition, also the manufacturing of the
drivetrain was assessed, as in ultra-low-carbon pathways, its impact
gains in importance.

4.3.1. Fuel production: electrolysis by different renewables

As shown in the previous section, hydrogen’s electrolysis and
transport dominate the overall carbon footprint. In case renewable
power is used for electrolysis, no COy emissions occur during power
production, but they occur upstream during material mining and the
production of the energy devices. The previous section showed that the
low-carbon pathways based on electrolysis by renewable power had an
impact of 8 ktonnes for PEMFC to 18 ktonnes for SOFC. There is a large
diversity in renewable power technologies, so the actual carbon foot-
print might be sensitive to which renewable energy source is applied.
This diversity might explain some of the differences in outcomes found
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in the previous section: 3-14 ktonnes for PEMFC and 5-38 ktonnes for
SOFC, of which 77-80% is the result of fuel production and distribution.
Therefore, the analysis is split up into specific renewable technologies,
specifically for the case of PEMFC.

Of the included studies on shipping fuels and hydrogen production,
two studies discuss hydro, nuclear, and wind; four studies the PV option;
and seven studies the wind option, see Fig. 5. These studies were pub-
lished between 2004 and 2018 - the older studies have been included as
they provided rich and detailed data. However, the development and
application of renewables have gone fast. This might have resulted in
economies of scale, optimization, and learning effects that might also
have resulted in a decreased carbon footprint of renewables over time.
Therefore two recent overview studies on the carbon footprints of re-
newables were added, one by NREL and one by Scarlat et al. [79,80]. By
combining their data on carbon intensity with the electricity require-
ment as determined in this study, the carbon footprint over the ship’s
lifetime is calculated.

According to the shipping fuel and hydrogen production studies,
hydrogen production based on solar power results in the most emissions,
almost 15 ktonnes of CO5, while wind power results in the least emis-
sions, resulting in 4.5 ktonnes of CO,. There are significant relative
uncertainties, especially for solar PV and wind. Basic assumptions in-
fluence this. Cetinkaya, Dincer and Naterer [81], for instance, assumed a
lifetime of thirty years for PV panels, whereas Dufour et al., in 2012 [82]
considered a lifetime of just over ten years under a conservative tech-
nical lifetime and high solar irradiation. These differences in assump-
tions likely reflects that the technology at the time was not fully mature
and that experience with the technology was limited, which would be
reflected in more conservative estimations and more variations in as-
sessments. More recently, Frishknecht et al. (2020) [83] provided
guidelines for assessing solar panels, coming to a lifetime of 30 years for
mature module technologies under normal conditions.

The added review studies on the carbon footprint of renewables
confirm the right order of magnitude of total footprint scores and bring
some specific nuances. Compared to the other studies, solar and nuclear
score a bit lower, respectively 11 and 6 ktonnes, while biomass scores
significantly higher (13-18 ktonnes). Scarlat et al. [80] add a critical
warning and explanation regarding the uncertainties and variation,
which likely also explains a significant part of the variation between
studies included in this research. Especially the carbon footprint of
biomass-to-power is very dependent on circumstances (e.g. type of
biomass, biofuel, climate, practices), resulting in substantial un-
certainties. Also, the carbon footprint of solar power shows high
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uncertainty due to differences in plant location (e.g. solar irradiance),
solar cell technology, technological performance, and various modeling
assumptions made in LCA. The uncertainty is much smaller for wind,
especially for offshore wind. Differences depend on local wind speeds,
system design, capacity factors, etc.

4.3.2. Fuel transportation

So far, the considered studies reported on fuel production, often
without specifying whether the transport was included and what its
contribution was. Especially for low-carbon pathways, fuel transport
might have a significant impact if based on fossil fuels. Therefore, a more
detailed analysis was conducted to study the influence of transport for
the low carbon case of hydrogen production by wind electrolysis and
subsequent conversion by a PEMFC - in line with the previous subsec-
tion. Several transport scenarios are considered (pipeline and truck)
over different distances. As, in general, liquid fuels are more energy
efficient to transport by a truck than gaseous fuels, both liquid hydrogen
(under pressure) and liquid ammonia were considered. For the latter,
hydrogen is converted to liquid ammonia for the sake of transport. Still,
after delivery, the ammonia is cracked to hydrogen again and to be used
in a PEMFC. For the analysis, the fuel cycle was split up into five phases:
pre-treatment, fuel production (only in the case of hydrogen conversion
to ammonia), fuel distribution (the driving of trucks or the pumping
through pipelines), delivery to the ship (including bringing under
pressure and in the case of ammonia the cracking and cleaning), and fuel
storage (including pressurization prior to distribution).

To assess all different transport scenarios, several sources were used
and assumptions were made. The fuel truck capacity is set at 733 kg for
compressed hydrogen (volume limited), 2596 kg for liquid hydrogen,
and 24567 kg for liquid ammonia (weight limited). The number of
roundtrips is calculated based on these numbers and the required total
energy. An emission factor of 1.943 kg CO per tonne-km was used for
trucks, assuming a mid-sized truck of 10-20 tonnes [84]. Data from
Ref. [85] was used for the pipeline scenario and for distribution via
long-distance shipping data by Ref. [66]. Bringing the hydrogen under
pressure requires electricity. For short-distance scenarios, the emission
factor of the Dutch grid in 2019 was used (390 g CO5 eq per kWh); and
for longer distances, the average emission factor for the European Union
was used (253 g CO5 eq/kWh) — both derived from the European Envi-
ronment Agency [85]. Results are depicted in Fig. 6.

The previous section showed that the total carbon footprint of pro-
duction and transport of hydrogen by wind-powered electrolysis and
conversion by PEMFC resulted in approximately 4.5 ktonnes CO;. The

Nuclear Electrolysis Hydro Electrolysis Wind Electrolysis

@ Based on Scarlat et al. (2022)

Fig. 5. The carbon footprint of electrolysis by different renewable power sources for the case of electrolysis-PEMFC. Bar charts represent the average values of the
shipping fuel and hydrogen production studies. Colored dots represent data from recent carbon footprint studies on renewables applied to this case.



V.H.M. Evers et al.

4
é 100 km
c
S 3
=
1%}
| o
o 2
‘G
k%)
€ |
!
o
= |
E 0 ||
g
& & e e & &
o) & <& N <& & <&
RN & SR Q& &
(‘,@6 i \Q?’ S > 2 i @b
& N & &% & § 3
S & & & & & &
< ¢ & > < ¢ &
& & & &
¢S 14

400 km

Renewable and Sustainable Energy Reviews 185 (2023) 113629

10000+ km

M Delivery
M Distribution
Storage

H2 conversion to NH3

- M Pretreatment
& >
; Q‘Z}\Q <& &
¢ L &
N >

&% &

N “
S

N o@
¢}

Fig. 6. The carbon footprint of fuel transport for different transportation modes and distances.

transport analysis shows that transport typically only contributes
0.2-1.6 ktonnes to this for the most realistic cases. So, the transport of
hydrogen is not dominant in the overall carbon footprint of low-carbon
pathways, but it is relevant and cannot be neglected.

Transportation by pipeline is highly efficient and only contributes
0.2 ktonnes of carbon - although pipelines typically only reach specific
locations like major harbors or chemical industry clusters, so that
additional truck transport might be required. Local truck transport and
international long-distance transport by vessels add 0.7-0.9 ktonnes of
carbon. So, as long as transportation is optimized, it is feasible to pro-
duce hydrogen globally in places with abundant renewables without a
significant carbon penalty. Only in the case that longer distances need to
be traveled by trucks or that transport by vessel or pipeline is followed
by truck transport to distribute the hydrogen to different harbors, the
carbon footprint is in the range of ~1-2 ktonnes and thereby making up
20-40% of the total footprint of production and distribution. Hydrogen
transport (either in gaseous or liquid form) is preferred over liquified
ammonia for all distances, as the latter comes with higher emissions due
to the extra conversions.

However, the assumed trailer capacity is rather low compared to the
state-of-the-art: 1 ton for gaseous hydrogen and 4 tons for liquid
hydrogen are proven technology for specialized trucks [86,87]. As a
result, the findings for the carbon footprint of hydrogen trucking might
be overestimated, making the liquified ammonia option even less
preferable.

Emissions from truck driving increase linearly with distribution
distance, making it unsuitable for longer distances. Under the stated
assumptions, the analysis shows that liquified fuels are more optimal for
transport by truck. However, other studies come to much higher carbon
footprints for compression, pre-cooling, and liquefaction [86,87]. As a
result, only at larger distances would transporting liquid hydrogen by
truck be beneficial over the trucking of gaseous hydrogen, and the
contribution of transport to the total carbon footprint would increase.

And finally, the emissions of transport by pipelines are nearly inde-
pendent of distribution distance and depend instead on the flow rate of
the distribution grid, in line with [88]. However, Frank et al. [87] as-
sume that the carbon footprint of transport by pipeline is a combination
of a fixed footprint at the refueling station and a distance-dependent
footprint for the pipeline. They come to significantly higher carbon
footprints for pipeline transport but confirm it is a better option than
hydrogen trucking.

4.3.3. Fuel cell efficiency
This study assumed a 50% conversion efficiency for both the PEMFC
and the SOFC fuel cells. It is questionable how reliable this assumption is

and how sensitive results are to this assumption. Surprisingly, many
literature sources are not explicit regarding what efficiency they assume.
The few explicit sources consider values from 40 to 60% [16] up to
50-65% [34,37]. The achieved efficiency depends on power out-
put/partial load, aging, and operation temperature [89]. More detailed
data on the net effect over a fuel cell’s lifetime in ships are missing,
making it impossible to develop more nuanced approaches.

The efficiency is inversely proportional to fuel use: if efficiency goes
up from 50 to 60%, the fuel use will be reduced to 83%. As the total
carbon footprint is strongly dominated by fuel production, a change in
efficiency will strongly influence the overall carbon footprint. Changes
in required fuel quantities also affect the sizing of the fuel storage tanks
and the fuel converters, although not necessarily proportional due to
scaling effects.

So, differences in assumptions on fuel efficiency typically strongly
affect the overall carbon footprint. But current data and sources do not
allow for a more accurate approach. This issue is similar to general LCA
studies on diesel drivetrains. More specific models require detailed input
parameters regarding technologies used and use-cases. However, such
an approach will lose the more generic insight that we aim for in this
study.

4.3.4. Manufacturing of drivetrains

The drivetrain components include hydrogen storage, fuel cell, bat-
tery, and electromotor. The impact of manufacturing these components
has been accounted for in the harmonized results in section 4.2. Fig. 4
shows that manufacturing these components accounts for 20% of the
total carbon footprint for PEMFC in the renewable power pathway,
which is equal to 2.0 ktonne CO2 over the ship’s lifetime (e.g., by
combining the findings of Figs. 3 and 4, or the related data from Tables 3
and 4 in Appendix B). The most significant impacts originate from
manufacturing the type IV storage tank (57%) and the PEMFC (32%).
For the SOFC with renewable power pathway, manufacturing drivetrain
components contribute 13% to the total carbon footprint or 2.2 ktonne
CO». The main contributor is the SOFC (86%).

However, in an ultra-low carbon pathway (e.g., combining wind-
based electrolysis, optimized transport, and high fuel cell efficiency),
the relative contribution of manufacturing the drivetrain will increase.
Therefore, for drivetrains, a hotspot analysis was conducted, but only for
the most impactful components, as identified above. Original literature
was used in case it provided enough detail, combined with additional
literature — see references below and appendix A. The carbon footprint
of the manufacturing of the type IV storage tank is dominated by carbon
fiber [90-92]. For the PEMFC fuel cells, especially platinum has a sub-
stantial contribution [90,93,94]. And for SOFC fuel cells, especially the
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significant amounts of steel and other metals are relevant [90,95,96].

In addition, the potential contribution was assessed of different
strategies to reduce the carbon footprint of the manufacturing stage. For
PEMEFC, a type III storage tank can be applied instead of a type IV tank,
similar to the one used for SOFC. It would reduce the carbon footprint by
1 ktonnes. This tank works well under stipulated conditions (300 bar)
but would reduce the strategic potential to raise the pressure in the
future to store more hydrogen and increase transport distance.

Another strategy is focussing on recycling, in line with current in-
terest in the circular economy. Recycling platinum and steel can reduce
CO, emissions in the manufacturing phase by 8-16% [93-95,97]. For
Lithium-ion batteries, recycling can reduce process energy by 50% [98].
However, all these options would require improvements in end-of-life
infrastructure and recycling practices, except for steel recycling which
is already an established and mature practice. Also, not all materials can
be recycled (e.g. carbon fiber).

Data on the impact of drivetrains show to be highly uncertain. For
example, while the average impact of the PEMFC drivetrain was 2.0
ktonnes CO; according to our assessment, the actual values covered a
range from 0.7 to 4.5 ktonnes CO». Limited reliable manufacturing data
is available, and systems’ inventories and impacts depend strongly on
learning and scaling. Also, linear upscaling of material and energy re-
quirements can result in overestimations. For example, in our analysis,
the upscaled small-scale systems of the PEMFC based on Stropnik et al.
(2019) [99] and Lotric et al. (2020) [94] result in a significantly higher
carbon footprint compared to the largest system included in the analysis
based on Miotti et al. (2017b) [90]. Especially large upscaling of casings
and storage tanks is problematic, as the surface/volume ratio decreases
during upscaling.

Some LCA studies or inventories exist for larger-scale fuel cell sys-
tems: e.g. Miotti, Hofer & Bauer consider an 80 kW PEMFC [90]; Meh-
meti et al. (2018) [100] and Al-Khori et al. (2021) [101] consider SOFC
at respectively 60 kW and 10 MW scale. But to use these data and come
to a state-of-the-art, properly scaled system designed explicitly for
inland shipping requires a different approach that goes beyond the scope
of this paper.

5. Conclusion & discussion

The shipping sector faces increased pressure to reduce emissions by
implementing other fuels and pathways. As a result, there is an increased
interest in applying hydrogen-fuel cell drivetrains. LCA studies have
studied their carbon footprint, but the results are hard to compare and
interpret. Therefore, the research question was, ‘What is the carbon
footprint of hydrogen-based maritime propulsion systems, and what are
the life-cycle hotspots causing these emissions?’. The focus has been on
inland cargo shipping as a relevant and feasible case. To answer this
question, a three-step approach was followed: a general literature re-
view of LCA studies appropriate for this context; a harmonization of
these studies by recalculating outcomes to standard conditions and
configurations to make results comparable; and an in-depth assessment
to understand better specific aspects that are relevant for ultra-low
carbon pathways.

The literature review confirms the increased interest in hydrogen-
propelled shipping and impact studies. Several factors make it hard to
compare these studies, including differences in ships, use practices,
geographic and time scope, system boundaries, assumptions and data
sets — and disclosure of these, and the use of different functional units.
Also, comparisons between studies on the same fuel-drivetrain show
significant differences. The impact mainly comes from fuel production.
Especially hydrogen production based on renewables seems
advantageous.

The harmonized results strongly confirm these findings. They show
that only fuel-drivetrains that use renewable energy-based electrolysis
for hydrogen production or CCS to reduce emissions result in a sub-
stantial carbon footprint reduction, resulting in a carbon footprint of
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~10-30 ktonnes CO-, over a ship’s lifetime. Hydrogen production based
on electrolysis with the grid electricity mix results in a substantial in-
crease in emission compared to the diesel case and should be avoided.
80% or more of the emissions originate from fuel production in all op-
tions. PEMFC seems to score slightly better than SOFC, requiring one
process step less — although results are inconsistent. But general trends
are similar for both technologies, so the choice for a specific technology
might depend more on techno-economic considerations than the carbon
footprint.

To further explore where the differences between studies are coming
from and the consequences of different configurations on low-carbon
pathways of hydrogen production using renewable power, four more
in-depth analyses were conducted. First, the impact of using various
renewable energy sources was assessed. Hydrogen produced by elec-
trolysis powered by solar PV has a 2-3 higher carbon footprint compared
to wind at sea. The wind-PEMFC drivetrain has the least impact, 4.5
ktonnes CO ,. Of this, between 0.2 and 2 ktonnes of CO,, are attributed to
fuel transport, depending on the specific transport mode and distance —
although results are highly dependent on assumptions. The carbon
footprint also relies on fuel cell efficiency, which is kept constant in this
study. Different values for efficiencies are mentioned in the literature,
and values strongly depend on other influencing factors like tempera-
ture, age, and current/load. For ultra-low carbon pathways, also the
manufacturing of the drivetrain has a significant impact. It adds
~2ktonnes to the total life cycle emissions, mainly due to platinum use
in PEMFC, carbon fiber in its storage tanks, and stainless steel for SOFC.
The use of a type III storage tank for PEMFC can avoid the use of carbon
fibers. Also, increased recycling of batteries and platinum might help
reduce some of these impacts in the future.

By using a three-step review process, the research question was
answered. This approach made different studies comparable, and crucial
differences between studies could be identified and explained. However,
not all differences were addressed, e.g., using specific LCA datasets,
software, and modeling decisions. Here we highlight two of the issues
that were not harmonized. First, the underlying studies made different
assumptions regarding the grid electricity mix, which has added to the
variation in outcomes for the scenarios based on grey electricity. The
grid mix has not been addressed in more detail, as our main interest was
in the (ultra) low-carbon options. Second, the underlying studies are not
always explicit in what greenhouse gasses they consider: only carbon
dioxide or all greenhouse gasses. This also added to the variation in
outcomes but did not affect the overall conclusions.

Also, one of the goals of this paper was to disclose and overcome
differences in assumptions in the existing literature. However, in this
process, assumptions were made, and a specific approach was followed
that might have resulted in a bias — a catch-22 situation. To address this,
we tried to be as transparent as possible.

Finally, we draw attention to the implication of these findings for
transition pathways. As shown by this research, low-carbon pathways
require large-scale availability of renewable power or CCS. Currently,
neither of these technologies is available for large-scale hydrogen pro-
duction. Recent developments show a substantial increase in renewable
electricity production, but this is only a fraction of total power pro-
duction for now. Also, power demands in the future will likely show a
substantial increase due to the electrification of transport, heating, and
industry. Still, hydrogen is expected to play a crucial role in the energy
transition [14,15,25]. It can help match supply and demand in the
power sector when power production becomes increasingly variable due
to wind and solar power applications. It can provide coupling between
the power, industry, and transport sectors. And hydrogen or
hydrogen-based fuels can be used for the international trade of renew-
ables, coupling regions with high potential of renewables to areas of
high demand.

The current status of hydrogen is one of lock-in Ref. [25]. Becoming
successful requires large-scale investment and application. To do so,
companies and investors are looking for large-scale availability of
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low-cost renewables, replacing or reusing (gas) infrastructures, and
increasing hydrogen demand. While on the other hand, cost reduction
and demand increases depend on learning and scaling of hydrogen
production. A chicken and egg problem that can only be overcome by
strong policy support, strategic investment, and starting applications in
the most promising niche markets and demo projects.

Ports might offer good opportunities to initiate developments [14,
25]. Much of the chemical production and oil refining already takes
place in coastal zones, including hydrogen production. These potential
sources of hydrogen can fuel inland shipping. Methane Steam Reforming
can be applied in the short term without a severe carbon penalty
compared to current practices to kick-start hydrogen production and
application. For the long term, hydrogen production should be based on
renewables or MSR with carbon capture and storage to make the sector
carbon neutral. Power-to-fuels are unlikely to become applied in the
sector, as they come at lower overall efficiency, higher carbon footprint,
and high costs. As such, they are more likely to become applied in
hard-to-decarbonize sectors like aviation. For inland shipping,
hydrogen-based fuel cell solutions offer better feasibility for the longer
term. It also provides additional benefits, like eliminating other
polluting emissions in harbors and avoiding installation costs for elec-
trical connections in ports.
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