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Highlights

Well-to-Wake Cost and Emissions Assessments for the Western Australia—East Asia Green
Shipping Corridor

Christopher M. Douglas, Santosh Shanbhogue, Ahmed Ghoniem, Guiyan Zang

e Investigates technical feasibility of various renewable energy carriers and converters for bulk carriers.

e Compares total cost of ownership and well-to-wake greenhouse gas emissions of each scenario to a
reference fossil-powered ship.

e Quantifies carbon abatement costs for each option and assesses uncertainty with a multicomponent
sensitivity analysis.

e Greater than 90% reduction in life-cycle greenhouse gas emissions can be realized with less than 50%
increase in levelized cost.
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Abstract

The maritime sector, responsible for approximately 3% of global greenhouse gas (GHG) emissions, faces
mounting pressure to decarbonize. In response, international “green shipping corridor” agreements have
emerged as a prospective strategy to stimulate low-carbon shipping through incentives designed to hedge
key stakeholders, catalyze new technologies, develop robust supply chains, and assess trade-offs. This study
evaluates decarbonization pathways for the recently-proposed green corridor for iron ore shipping between
Western Australia (WA) and East Asia (EA). Using comparative techno-economic analysis (TEA) and
attributional life-cycle assessment (LCA) consistent with Resolution MEPC.391(81) adopted by the Inter-
national Maritime Organization (IMO) in March 2024, we identify the most promising technical approaches
to reduce the well-to-wake (WtW) GHG emissions of the current fossil-powered fleet while maintaining the
competitiveness of the WA-EA iron ore corridor. A representative vessel, cargo, and voyage profile, based
on the current bulk carrier fleet, is used to compare the total cost of ownership (TCO) and WtW GHG
emissions among conventional and alternative options. We consider a 20 PJ/yr-scale deployment (in terms
of lower heating value) of alternative energy carriers including “green” hydrogen, ammonia, and methanol
fuels synthesized using wind energy and renewable COs resources in Australia. In line with MEPC.391(81),
the analysis models the GHG emissions and costs throughout the fuel life cycle, including the production,
transportation, densification, storage, bunkering, and end-use stages. Principal energy converters evaluated
include internal combustion engines (ICEs) and electric motors (EMs) powered by fuel cells (FCs) or batter-
ies, with all ICE options designed with selective catalytic reduction (SCR) to comply with IMO Tier II or
Tier III NOy emissions standards. Compared to earlier efforts, the present powertrain model is significantly
more detailed in regards to dynamic loads, fuel consumption and GHG emissions, and NO, abatement
tradeoffs. The main results indicate that renewable ammonia ICE-powered vessels offer the lowest green
premium, with a TCO 46% higher than conventional fuel oil vessels and 92% lower WtW GHG emissions
in the baseline case without policy incentives. The study also finds that the capacity of iron ore bulk car-
riers, which are restricted more by cargo weight than volume, is minimally affected by the reduced energy
density of alternative liquid fuels. Nonetheless, the representative scenario shows a high carbon abatement
cost of $247 (USD) per tonne of COg-equivalent. Such costs lie well above the typical $50-$100 range of
proposed carbon taxes, highlighting the economic gap that must be addressed to realize such GHG emissions
reductions within the WA-EA green corridor.

Keywords: Decarbonization, Marine Fuels, Techno-economic analysis (TEA), Life cycle assessment (LCA)

1. Introduction

It is difficult to overstate the importance of international shipping to global trade — and the challenge of
its decarbonization. Currently, 70% of global cargo volume (in terms of mass x distance) is transported by
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the maritime industry, which annually consumes roughly 10 exajoules (i.e., 10 billion GJ) of energy provided
almost exclusively via the combustion of carbon-dense fossil fuel oils [I]. Altogether, the global shipping
fleet generates approximately 3% of the anthropogenic greenhouse gas (GHG) emissions responsible for
climate change, and these emissions are still on the rise [2]. These climate issues are compounded by several
other sources of environmental damage, including substantial nitrogen oxide (NOy), sulfur oxide (SOyx), and
particulate matter (PMy) emissions linked to altered weather patterns [3], acid rain [4], and hundreds of
thousands of premature deaths worldwide [5 6] [7]. Consequently, the maritime sector is facing increasing
pressure to transition toward more sustainable practices.

In response to such pressure, in 2018, the International Maritime Organization (IMO) adopted an am-
bitious GHG strategy targeting reductions of the maritime sector’s carbon intensity by no less than 40%
by 2030 and its total annual GHG emissions by no less than 50% by 2050, relative to 2008 [§]. This ob-
jective was then reaffirmed in 2023 with a stronger net-zero requirement for 2050, along with checkpoint
goals for 2030 and 2040 [9]. To achieve such challenging targets, the maritime industry must embrace
sweeping measures spanning the entire supply chain across logistical, technological, financial, and political
domains [I0, [T1]. Furthermore, the two- to over three-decade operational lifespans of large ships necessitate
rapid adoption of the most likely decarbonization solutions within the next decade in order to align with
long-term emissions reduction goals and regulations [I]. Against this urgent and uncertain backdrop, sev-
eral countries voluntarily signed the Clydebank Declarations at the COP26 conference in 2021 [12], which,
among other commitments, set up “green corridor” initiatives among participating nations where end-to-end
low-carbon shipping measures can be implemented, observed, adapted, and scaled under favorable policy
arrangements. As of COP29 in November 2024, initiatives for 62 such green corridors have been announced
around the world, with hydrogen (Hs), ammonia (NHj), methanol (CH3OH, often shortened to MeOH),
advanced bio-fuels, and batteries typically selected as renewable energy carriers [13].

The particular focus of this study is a proposed green corridor between Western Australia (WA) and
East Asia (EA; specifically Japan, potentially alongside China and/or Singapore), for bulk carrier vessels
transporting iron ore [I4]. A recent Global Maritime Forum (GMF) techno-economic analysis (TEA) [I5]
concluded that, with continued collaboration among stakeholders and policymakers, this arrangement is
feasible for green ammonia-powered ships and could be operational by 2028. However, the GMF report does
not quantify the life cycle GHG impact of the proposed corridor and does not comparatively assess ammonia
against other low-carbon fuel options. Such analysis is crucial, as the literature is inharmonious regarding
the best versus most-likely low-carbon energy carriers and/or converters for any particular segment of the
shipping industry due to inconsistent assumptions about technical details such as use cases, fuel prices,
upstream emissions, and availability of renewable resources. For example, outside of the WA-EA corridor,
Bilgili [16], Per¢ié¢ et al. [17], Hawkins et al. [18], and Malmgren et al. [I9] have all presented detailed life
cycle assessments (LCAs) of a range of alternative marine energy pathways and different use cases. These
works qualitatively agree that significant reductions in life cycle GHG emissions from maritime applications
are possible with diverse approaches, though their quantitative results depend heavily on assumptions about
upstream emissions and use case. On the other hand, TEA of various maritime carbon abatement strategies
conducted by Korberg et al. [20], Nelissen et al. [21], Brynolf et al. [22], and Stolz et al. [23] have shown that
the total cost of ownership (TCO) for ships powered by low-carbon alternative energy carriers is significantly
higher than conventional fossil fuels, though there is a large variation across studies regarding the amount of
the anticipated green premium. To offer a more holistic view of the trade-offs between cost and environmental
impact, Tan et al. [24], Horton et al. [25], and Kanchiralla et al. [26] [27], have integrated both TEA and
LCA approaches to quantify the carbon abatement costs for various low-carbon marine technologies.

By examining these and similar studies, it becomes clear that no universally optimal solution exists; the
choice of energy carrier and converter depend crucially on details. For instance, the opposite conclusions
of Korberg et al. [20] and Kanchiralla et al. [26] regarding the superiority of methanol versus ammonia
underscore the pivotal role that assumptions about clean electricity, hydrogen, and biomass availability
play in determining the most cost-effective and sustainable fuel option for shipping. Though ammonia
and methanol are indeed typically viewed as the leading candidates [23] 20} 22 26| 28], hydrogen [29] and
even Li-ion batteries [30, BI] have also been identified as potentially attractive renewable energy carriers
for ships depending on the intended use case and related assumptions. However, in the context of the
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Figure 1: Schematic overview of the project scope and system boundaries.

WA-EA corridor, quantification of the climate tradeoffs associated with each alternative is lacking, as many
existing studies in this area inaccurately consider low-carbon fuel combustion to yield net-zero well-to-wake
(WtW) GHG emissions [32], [T4, 15} [33]. Such oversimplifications lead to improper accounting of the true
life-cycle impacts, which are never zero and can vary significantly among the various carrier and converter
pairings [34], [35], 27].

In comparison to previous studies, the novelty of this study is rooted primarily in the following areas.
First, unlike earlier studies that attempt to extract generalized results across large range of ship classes
and use cases, we focus specifically on the bulk shipping of iron ore within the WA-EA green corridor.
This provides the benefit of a more clearly defined problem, where issues such as project scale, system
boundaries, fuel pathways, upstream logistics, and upstream availability of low-carbon energy are relatively
well-specified compared to more general analyses. We leverage this advantage by modeling the entire life
cycle from feedstock to wake, as illustrated schematically in Figure [T} rather than relying exclusively on
literature data for upstream costs and emissions associated with fuel production and distribution. Second,
unlike earlier studies that utilize significantly simplified models based upon, for example, a fixed energy
conversion efficiency and emission rate, this study considers a substantially more detailed powertrain model
which includes time-varying, load- and speed-dependent fuel consumption and pollutant emission rates,
power outputs that are calculated based on real-world voyage data rather than assumed engine power
ratings, and a coupled SCR NOy abatement model that captures the effects of non-GHG pollutants on the
WtW costs and emissions. Finally, this study includes a WtW sensitivity analysis of the carbon abatement
cost (CAC) that characterizes how the WtW TCO and GHG emissions respond to variations in the baseline
input parameters.

Along the lines of IMO Resolution MEPC.391(81) [36], this study aims to provide a transparent and
comprehensive full-value-chain TEA and attributional LCA for iron ore bulk carrier vessels powered by
renewable energy and operating within the WA-EA green corridor. Further, the work presents a sensitivity
analysis of the WtW CAC with respect to the major baseline assumptions. The remainder of this paper is
organized as follows. Section[2]surveys the real-world voyage specifications to define the study scope in terms
of a representative vessel. Section [3] models and details LCA of costs and GHG emissions for upstream low-
carbon fuel production (well-to-gate phase; WtG) and distribution/bunkering (gate-to-tank phase; GtT)
in WA using renewable resources. Section [4] presents the considered powertrain models and energy flow
scenarios for the onboard energy storage and conversion during the round-trip WA-EA journey (tank-to-wake
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Figure 2: Voyages of two bulk carriers, Kybele Horizon (left) and NSU Justice (right), from August 2022 to February 2023.

phase). Section [5| computes the TCO, life cycle GHG emissions, and CAC for each configuration through
the entire WtW life cycle scope. Finally, Section [6] summarizes key findings and provides perspectives on
future green corridor projects.

2. Identification of representative vessel and voyage parameters

To assess the basic parameters of a WA-EA green corridor, we begin by considering the route’s economic
driver: iron ore exports. Recent data indicate that Australia annually exports almost 900 million tonnes of
iron ore (worth roughly 40 billion USD) to Asia [37, B8], B9], overwhelmingly from the Pilbara region of WA
via Port Hedland, Port Walcott (Cape Lambert), and the Port of Dampier. Based on this information, we
conduct a survey of bulk carriers traveling between these ports and Japan.

2.1. Survey of iron ore bulk carriers traveling between WA and Japan

Compiled fleet data for a representative sample of 25 large bulk iron ore carrier vessels operated in the
WA-Japan shipping corridor are sourced from Automatic Identification System (AIS) position and velocity
data recorded over a six-month period from August 2022 to February 2023. By cross-referencing the identified
vessel names and identification numbers with technical specifications from commercial shipping registries,
we were also able to link additional information about engine ratings and ship dimensions to each vessel.
Representative voyages of two specific ore carriers are presented in Figure [2] and statistics from the survey
are provided in

Based on the average specifications of the vessels examined in the fleet survey, we identify a representative
bulk carrier vessel and voyage as summarized in Table[T]and further detailed in Table[AT] This representative
ship is a large Capesize vessel with a summer deadweight tonnage (DWT) rating of 230,000 tonnes, allowing
it to carry 190,000 tonnes of iron ore at an 82% load factor. It is fitted with a six-cylinder, two-stroke main
engine rated to 20 MW that burns fuel oil from a 7,000 m® tank and powers a single, fixed-pitch propeller
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Table 1: Summary of the representative quantities determined for this paper and comparison with previous studies.

Parameter Unit | This study ABS study [33] GMF study [32] [15]

DWT rating tonnes 230000 200000 200000
Nominal cargo load tonnes 190 000 170000 165400
Nominal ballast load tonnes 50000 0 0
Load factor % 82 85 83
Main engine size =~ MW 20 15.5 14.4
Average speed (laden) kn 10.1 13 11.3
Average speed (ballast) kn 12.4 13 12.0
One-way distance nmi 3600 4230 3598
Round-trip moving time  days 27 28 26
Round-trip total time  days 33 34 40
Round-trip voyages — #/yr 10 10.5 9
Utilization rate % 90 100 99

in a direct-drive configuration. This arrangement yields a rated service speed of 16.4 knots. However, in a
typical real-world voyage, the vessel travels at a slower round-trip average moving speed of 11.1 knots with a
maximum speed of 14.9 knots. This allows the ship to cover the round-trip distance of 7,200 nautical miles
in a total of 33 days, including time at port, thereby supporting ten round-trip journeys per year at a 90%
utilization rate. Additional statistical information about the representative vessel specifications is available
1 [Append A

2.2. Preliminary energy and cargo carrying capacity considerations

Given the broad range of volumetric and gravimetric energy densities found across potential renewable
energy carriers, it is certain that the amount and distribution of required onboard energy storage will vary
for different energy carrier/converter options [23]. The cargo volume capacity of the representative bulk
carrier identified above is almost 180,000 m®, as measured in grain volume. However, grain has a typical
stowage factor (i.e. specific volume) of roughly 1.3 m?/tonne, which is notably higher than the 0.7 m? /tonne
stowage factor associated with iron ore. Indeed, if the entire cargo hold were filled with iron ore, the cargo
would weigh over 250,000 tonnes — significantly exceeding the ship’s DWT rating. Hence, iron ore bulk
carriers are weight-limited, not volume-limited. For a 190,000 tonne load of iron ore, the estimated cargo
volume of 130,000 m?, leaves almost 50,000 m? of empty space (equivalent to several additional fuel tanks)
that could be used for storage of lower-density energy carriers. Setting aside other design changes, cargo
displacements from low-energy density fuels such as hydrogen and methane are therefore unproblematic for
bulk carriers transporting iron ore. In contrast, low-specific energy (i.e., gravimetric energy density) carriers
such as batteries can induce significant cargo displacement, making them unattractive for long voyages [23].

With a per-trip capacity of 190,000 tonnes, one representative bulk carrier will be able to transport
1.9 million tonnes of iron ore from WA to Japan per year. Based on current annual Japanese imports of
Australian iron ore of roughly 60 million tonnes [39, [37], this estimate indicates that an equivalent-capacity
low-carbon fleet could require as few as 32 dedicated ships. Considering that over 1 billion tonnes of standing
bulk carrier DWT capacity exists worldwide [2], this is hardly an insurmountable target, even if all 32 ships
were built completely from scratch. According to data gathered from our survey, the average time required
to construct similar Capesize ships, as measured by the interval between the laying of the ship’s keel and
the ship entering service, is only 3.3 years.

Case-specific energy consumption models will be developed in Section [4] but it is insightful to briefly
consider such demands here by assuming conversion efficiencies in line with the GMF study [I5]. Such guiding
assessments indicate that current voyages demand over 1000 tonnes of fuel oil per round trip, equivalent in
terms of lower heating value (LHV) to approximately 50 TJ of energy, or almost 20 PJ annually for all 32
ships. For reference, this demand is only one-tenth of the final low-carbon fuel energy capacity anticipated
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Table 2: Comparison of mass and energy consumption rates for the low-carbon production process of gaseous Ha, liquified
NH3, and liquid CH3OH fuels. Note that the additional electrical energy required to generate the HoO and COg feedstocks is
not included.

Feedstock ‘Hz NH; CH3;0OH H Feedstock ‘ H- NH3; CH3;O0OH

kWhelec/kg fuel | 51.3 10.1 11.1 kWhelec/kthuel 1.54 1.95 2.00
kg HoO/kg fuel | 14.3  2.62 3.24 kg HoO/kWhgye | 0.429 0.507 0.587
kg CO5/kg fuel - - 1.66 kg CO2/kWhyyel - - 0.301

from the Australian Renewable Energy Hub (AREH, formerly Asian Renewable Energy Hub) project, which
is currently expected to generate 200 PJ/yr of “green” fuels (1.6 million tonnes of Hy or 9 million tonnes of
NH;3) at full scale [40]. If such large-scale, low-carbon fuel generation can be translated to local bunkering
capacity in WA, ships could forgo their current need for bunkering in Singapore, thereby streamlining
operation along the entire corridor. Further, several other large-scale renewable energy projects are being
developed in WA that could augment production of low-carbon energy carriers and support the extension
of the green shipping corridor to other shipping markets in EA and beyond [41].

3. Analysis of Low-Carbon Energy Carriers in Western Australia

To assess the upstream cost and climate tradeoffs of the green corridor concept, TEA and LCA are con-
ducted to evaluate lifetime levelized costs and GHG emissions associated with producing (WtG phase) and
distributing/bunkering (GtT phase) 20 PJ/yr of low-carbon energy via carrier fuels in WA. The production
and distribution of these energy carrier chemicals from desalinated seawater and wind electricity is modeled
in detail as described below. Three low-carbon fuels are considered, including;:

1. Hydrogen (Hs): because of its low end-use GHG emissions and high combustion efficiencies,

2. Ammonia (NH3): because of anticipated Japanese subsidies and strong development momentum from
engine manufacturers, and

3. Methanol (CH3OH): because marine engines for this fuel already exist at a limited scale.

3.1. Well-to-gate phase: Low-carbon fuel production

Hydrogen is a key component of all considered low-carbon fuels; it is produced in gas phase using wind
energy to power a low-temperature proton exchange membrane (PEM) water electrolyzer [42]. Ammonia
is produced with an additional Haber-Bosch (HB) looping process using the electrolytic hydrogen with
supplemental nitrogen retrieved from an air separation unit (ASU) [43], and the product gas from the HB loop
is cooled and purified to output liquid NHz. Methanol is produced via the five-step process detailed in [44],
where electrolytic hydrogen is reacted with captured carbon dioxide (COs2). Notably, CO2 sourced from non-
biogenic industrial or power generation plants is not considered in this study, as these sources limit the total
life-cycle GHG emissions reduction to roughly 50% [44]. The mass and energy balances for all approaches
considered in the WtG and GtT phases are evaluated by combining our own Aspen Plus chemical process
models [44] [45] with literature data as detailed in From these detailed models, the overall
feedstock conversion rates of the low-carbon hydrogen, ammonia, and methanol fuel production processes
are organized in Table [2] Since the per-mass feedstock consumption values are unintuitive to compare due
to the differing chemical potentials embodied in each fuel, Table |2 also presents per-energy consumption
values based on the LHV of each fuel. Notably, within the WtG boundary (i.e. before densification),
hydrogen generation is roughly 25% more energy efficient than ammonia and methanol synthesis. However,
the following will show that liquefaction and compression do significantly affect the energy efficiency and
cost of delivered Hy fuel.



The WtG levelized cost of fuel (LCOF) production for Hy, NH3, and CH30H is evaluated using the
NREL H2A model [46] based on a discounted cash flow analysisﬂ The procedure broadly consists of separate
considerations for capital and amortized annual operational expenditures (CapEx and OpEx, respectively)
as detailed in earlier work [44] [45]. The total CapEx is calculated following the NETL method [47] based
on the total plant cost (i.e. the combined costs of plant equipment, supporting facilities, direct and indirect
labor, contractor services, process/project contingencies, land, and decommissioning). The annual OpEx
is determined by the sum of the feedstock costs (i.e. water and electricity, plus COy for CH;0H) and
operator costs, plus property taxes; insurance premiums; and maintenance, materials, and replacement
costs. Additional details about the accounting methodology and financial assumptions used to estimate
the CapEx and non-feedstock OpEx are given in Feedstock OpEx in WA are determined
from Table [2[ by prescribing a 20 PJ/yr fuel production scale and assuming baseline renewable electricity
and process water costs of $0.03/kWh and $2/m3, respectively. These values are in line with the levelized
cost of energy (LCOE) reported for current new-build land-based wind power [48], and the levelized cost
of water (LCOW) for wind-powered reverse-osmosis desalination plants [49, [50]. For the case of COg from
DAC, the lack of operational large-scale facilities manifests significant uncertainty in the literature towards
its levelized cost [51], though an integrated calcination process that leverages the oxygen (Oz) stream from
water electrolysis can significantly reduce expense [52]. For this work, a relatively optimistic baseline DAC
CO4 price of $200/tonne is assumed based on a survey of literature estimates [52},[53] [54]. Finally, though CO»
from bioenergy with capture (BEC) is generally considered to be less expensive than COy from DAC [55],
the major iron ore ports in WA are located in the arid, sparsely-populated Pilbara region well over 1000 km
from the nearest Australian biomass or biogas facility [56]. Though BEC is excluded as a viable CO5 source
for the purpose of this study, COs prices consistent with BEC estimates will be assessed when considering
the sensitivity of our main results to the assumed CO5 price in section [5.2

The life cycle GHG emissions of low-carbon fuel production are evaluated based on the Greenhouse
gases, Regulated Emissions, and Energy use in Technologies Model (GREET) [57], in line with section 4
of MEPC.391(81) [36]. The WtG life cycle scope includes all stages from feedstock recovery to low-carbon
fuel production, including upstream emissions from mass and energy feedstocks and onsite low-carbon fuel
production processes, but excluding difficult-to-estimate GHG emissions embodied in process equipment,
land use changes, and soil carbon accumulation. GHG emissions are evaluated in terms of COs equivalent
(CO3z-¢) based on the 100 year global warming potential (GWP100-AR5) defined as a weighted sum of
CO3, CHy, and N3O emissions [58]. For upstream emissions of electricity from wind, we use a baseline of
4.9 kg CO3-¢/MWh [59]; the upstream GHG emissions for HoO and CO5 are then determined assuming an
upstream electricity consumption of 3.2 kWh/m? for desalination [49] and 1.1 kWh/kg for DA(ﬂ For the
chemical synthesis of ammonia and methanol, process emissions of CH4, N2O, and CO> species are included
in upstream GHG emissions.

The results of the WtG phase TEA and LCA for low-carbon fuel production are presented in Figure [3]
Notably, Figure [3a]indicates that the cost of hydrogen production per unit of fuel energy is less than half that
of ammonia or methanol. However, it should be emphasized that the WtG phase analysis does not include
costs and emissions associated with the GtT phase (i.e. fuel distribution, storage, and bunkering), which
will be shown in the next section to be significant, particularly for hydrogen. In regards to GHG emissions,
Figure [3D] reveals that hydrogen has slightly lower WtG GHG emissions compared to ammonia, while
methanol has negative emissions since its embodied carbon originates from atmospheric COs. Nonetheless,
this carried carbon will ultimately be released at the end-use stage when CH3OH is re-oxidized.

3.2. Gate-to-tank phase: Low-carbon fuel distribution and bunkering
Moving on the GtT stage of the upstream low-carbon fuel life cycle, we consider the dollar and carbon
costs of fuel transport, preparation, storage, and bunkering. For this analysis, the fuel delivery volumes

I Throughout the paper, all costs are reported in terms of the 2024 U.S. dollar based on anticipated technologies considered
for the early 2030s.

2Value calculated for DAC with an energy demand of 0.4 kWh of electrical energy plus 1.6 kWh of thermal energy per
kg CO2 [60], where the thermal energy is supplied by a high-temperature heat pump with a coefficient of performance of
2.4 [61].
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Figure 3: Results for WtG analysis.

are assumed to be equal to the plant production rates identified above less a fuel-specific GtT loss ratio.
A baseline transport distance of 300 km was selected based on the distance between the proposed site
of the AREH near Eighty Mile Beach in WA and the major Pilbara iron ore ports [I5, [62]. Based on
this scale, the GtT TEA and LCA will consider pipeline transport of low-carbon Ho, NH3, and CH30H
from the production plant to the bunkering port [63 [64]. It is notable that, while ammonia and methanol
are produced, transported, and stored in liquid phase, hydrogen is produced and transported as a gas
and must be densified at the port for bunkering. Both cryogenic liquefied hydrogen (LHs) and 700 bar
compressed hydrogen gas (GHsz) are considered in this analysis. The various CapEx and OpEx components
are determined based on a literature review of fuel-specific GtT costs and energy requirements as shown in
Table[B2] These estimates consider (1) pipelines for each fuel type (including pumping stations) [63} 65} [66],
(2) hydrogen compression and liquefaction [20] 26 [67], (3) fuel-specific bunkering infrastructure including
portside storage sized for 2% of annual bunkering capacity [20, 26] 68, 69], and (4) GtT losses through leaks
and boil-off [70]. The key outputs are summarized in Table |3, and further details about the various cost

components are provided in

3.83. Combined upstream fuel cost and GHG emissions

By combining the results from Section and we now compute the well-to-tank (WtT) costs and
GHG emissions. The delivered costs and GHG emissions associated with the total upstream supply chain
including production, distribution, storage, and bunkering of low-carbon fuels in WA are visualized in
Figure [4] with further data available in Table [3] The results reveal that ammonia has the lowest baseline
delivered cost among low-carbon fuels at $34.99/GJ. Compared to current very low sulfur (< 0.5% S by
weight) fuel oil (VLSFO) bunkering prices of roughly $16/GJ, these alternatives all carry a green premium of
more than 100%, which could be a significant barrier to adoption. Nonetheless, compared to the 18.0 kgCO»-
e/GJtye1 upstream GHG emissions estimated for fuel oil in Australia [71], the considered low-carbon fuel
pathways all offer at least a six-fold reduction in upstream GHG emissions. Another notable result from this
analysis is the high GtT cost of dense hydrogen, which represents almost half of its overall price whether
compressed to 700 bar or liquefied at 1 atm. Finally, we note that the comparatively high cost of green
methanol reported in this study is significantly driven by the high cost of carbon from DAC, as will be
later shown via sensitivity analysis to COs cost in section This result is linked to the lack of significant
biomass resources in the Pilbara and are likely to differ from findings in other, more biomass-rich regions,
where green methanol may be produced more economically using biogenic carbon [20] [72].



Table 3: Levelized outputs of the GtT TEA and LCA

Costs Unit LH, GH,; NH3; CH30H
WtG production $/GJtuel 19.57 19.57 33.33 50.92
Transport $/GJtuel 0.56 0.56 0.43 0.40
Densification $/GJtuel 9.65 2.94 0.00 0.00
Storage $/GJtuel 1.39 10.20 0.16 0.10
Bunkering $/GJtuel 2.52 1.92 0.72 0.24
GtT fuel losses  kgproduced/KEdelivered ‘ 5% 0.5% 1% 0%
GtT total $/GJtuel 15.89  15.79 1.66 0.74
WtT total $/GJtuel 35.46  35.36  34.99 51.66
WitT total $/Kgtuel 4.255  4.243 0.6509 1.028
GHG emissions Unit ‘ LH, GH, NH; CH30H

WtG production kg CO2-¢/GJtuel 2.10 2.10 2.65 -65.85
Transport kg COg-¢/GJsyel 0.021 0.021 0.021 0.020
Densification kg COg-¢/GJtyel 0.327 0.123  0.000 0.000
Storage & bunkering kg COz-¢/GJtyel 0.001 0.000 0.000 0.000

GtT fuel losses  kgproduced /K&delivered ‘ 5% 0.5% 1% 0%

GtT total kg CO2-¢/GJsyel 0.478  0.155  0.049 0.020
WtT total kg COg-¢/GJsyel 2574 2.251  2.699 -65.83
WitT total kg COz-¢/kgpyel 0.309  0.270  0.0502 -1.310

Energy efficiency Unit ‘ LH- GH- NH3; CH3;0H
WtG total GJtuel/GJelec 65.1% 65.1% 51.5% 50.0%
GtT total GJtuel/Glelec 67.5% 89.1% 96.0% 98.5%
WtT total GJtuel/GJelee 44.0% 58.0%  49.4% 49.3%

4. Conversion of Low-Carbon Energy for Iron Ore Shipping

In this portion of the analysis, we focus on how variations in the utilization of different energy carriers
affect the tank-to-wake (TtW) conversion efficiency, the end-use emissions, and the cargo capacity of the
vessel. We consider a total of 14 different TtW cases spanning three powertrain arrangements for each of the
four low-carbon fuels described in section [3] plus a business-as-usual fossil VLSFO ICE case and a battery-
electric (BE) case for comparison. The considered powertrains, depicted in Figure [5| and described further
below, feature 20 MW-rated main energy converters consisting of either two-stroke ICEs or electric motors
(EMs) powered by FCs and/or batteries, plus an auxiliary electrical power capacity of 1 MW. As indicated
in Figure [5 these cases are designed with additional powertrain-specific details such as the following:

o Selective catalytic reduction (SCR) for NOy abatement in the ICE powertrains when necessary (i.e.
when untreated emissions would exceed legal limits). The IMO requires ships to meet Tier 1T NOy
standards at all times [73] [74], and, though no Tier IIT NOy emission control area (ECA) currently
exists along the WA-EA corridor, new Tier III ECAs are being deployed rapidly [75]. In anticipation
of future Tier III NOy ECAs in the early 2030s timeframe, this analysis assumes that ships must
comply with Tier IIT NO, standards when operating within 100 nautical miles of Japan or Australia
(approximately 15% of the total journey).

o Auxilliary ~40 MWh battery stacks in the FC powertrains to allow hybrid operation and avoid accel-
erated degradation of FCs due to dynamic loads during maneuvers [76],
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Figure 4: Results for total upstream (WtT) analysis.

e Electrical inverters to convert direct current (DC) electrical power from the FC/battery to alternating
current (AC) for the EM or auxiliary power supply

e Fuel reformers in the ammonia and methanol PEMFC cases (i.e. NH3/CH30H to Hy “crackers”) to
avoid membrane poisoning issues [76].

Though potentially interesting for transitional vessel operations in the near-term, we will not consider
hybrid ICE/EM propulsion or fuel co-firing among different fossil and low-carbon fuels. Additionally, our
analysis will not consider additional contingencies and uncertainties associated with crew training, exper-
tise/learning, and safety, which are all significant concerns for ships featuring new technologies such as fuel
cells, cryogenic/high-pressure fuel storage, and /or hazardous fuels such as ammonia and methanol [77]. How-
ever, in the current absence of clear guidelines from the IMO, it is difficult to prognosticate how these issues
would impact the technoeconomics of a low-carbon bulk carrier fleet. Finally, we will not consider changes
in the overall fleet parameters in terms of routing, bunkering patterns, and non-standard port charges (e.g.
low carbon credits), a topic related to the recent study by Verschuur et al. [28]. All of these issues could
nonetheless provide interesting directions for future work.

4.1. Tank-to-wake mass and energy balance

The round-trip TtW energy consumption, which determines fuel costs and emissions, is modelled using
a bottom-up, physics-based approach founded on the vessel dimensions and lightweight tonnage (LDT);
the total load including crew, supplies, ballast, cargo, and fuel; and the voyage distance and speed. These
inputs are used to determine the ship’s water displacement as a function of cargo and fuel load, as well
as the wetted surface area (WSA) and the wind drag area (WDA) during the laden and ballast legs of
the round-trip WA-EA journey. Based on these parameters, the ship’s instantaneous hydrodynamic and
aerodynamic drag are computed as,

PD = % [pseacD,water(WSA) + PairCD,wind (WDA)] V3 (1)
where Pp is the drag power, psea = 1025 kg/m? is the density of seawater, CD,sea 18 the empirical water
drag coefficient, p,;; = 1.3 kg/,? is the density of air, €D,wind 15 the empirical wind drag coefficient, and
V' is the ship velocity from the AIS data. The cubic drag power scaling assumed in Equation neglects
certain residual effects such as wave drag, which are not usually relevant at the low speeds typical of bulk
carriers [78]. Here, we take ¢p aiy = 0.9 and ¢p water = 0.0043 as determined by the benchmark laboratory
experiments and computer simulations of Japanese bulk carrier hulls by Hino et al. [79]. Likewise, the WSA
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Figure 5: Schematic of the different TtW powertrain arrangements considered. The baseline efficiencies are indicated as percefor
all major components. Note that the fuel reformer shown in the FC diagram is only included for the NH3 and CH3OH PEMFC
cases, as Hg is suitable for direct use in PEMFCs.

and WDA are determined from the dimensions of the reference vessel identified in Section 2l and detailed in
Table [A1](b) using the formulas |78,

(2)

WSA =SG (? + 1.7LppT> and WDA =B (D — T(56)A ) ,

(DWT) + (LDT)

where SG = 1.025 is the specific gravity of seawater, A is the total displacement, 7" is the draught, L, is
the length between the perpendiculars, B is the breadth, and D is the depth. Note that WSA and WDA
are strong functions of the displacement, meaning that power requirements vary throughout the journey
depending on the instantaneous cargo and fuel load (most significantly between the laden and ballast legs
of the journey). Relating this drag power to the fuel energy required to complete the round-trip voyage
necessitates a model of tank-to-wake power losses integrated over the journey, as described below.

The baseline propulsive efficiency (i.e. the ship-to-wake efficiency excluding the powertrain) for the
reference ship identified in Section [2] and detailed in is determined as the product of the open
water efficiency, the rotative efficiency, and the hull efficiency [78]. In the baseline case, the propulsive
efficiency for the reference ship is 70%. However, given the approximate nature of these efficiency relations,
the sensitivity of this propulsive efficiency estimate is analyzed in Section

In addition to propulsive losses, various other powertrain-specific energy losses between the fuel tank
and the ship hull are considered — most importantly, the thermodynamic inefficiencies of the main energy
converter, i.e. the ICE or FC. In this study, the ICE performance is modeled using the speed-, load-,
and fuel-specific performance diagrams shown in Figure[f] Conversely, in the FC cases, the powertrains are
designed in a hybrid layout to minimize excessive FC degradation from transient loads. Therefore, a constant
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Figure 6: Engine performance diagrams and layout curves for the simulated 20 MW, two-stroke ICEs with different fuels.

FC efficiency of either 55% or 60% is assumed for the PEMFC or SOFC cases, respectively. For the ICE
cases, the brake-specific fuel consumption (SFC) is calculated for each fuel using full-engine GT-POWER
simulations [80] based on the parameters of the direct-drive powertrain of the reference ship described in
Section[2} The performance diagrams shown in Figure[6]describe the relationship among engine speed, engine
power, and fuel consumption when installed on the reference ship (unfamiliar readers may refer to [78] for
an overview of their proper interpretation). While the power and emissions outputs are both considered to
be accurate for the case of VLSFO, for all other fuels, insufficient data was available to determine critical
parameters such as the valve timings, which can have substantial impacts on the specific emissions [81].
Hence, in this work, we take the pragmatic approach of adjusting the valve timings to match the ignition
delay from the reference ICE. This effectively tunes the engine model to deliver sound performance curves for
each fuel at the expense of accurate emissions predictions. Because of this, the ICE emissions are considered
separately using simplified models as described in Section [£:2] with additional sensitivity analysis to explore
varying emission rates in Section [5.2]

Aside from the main energy converter, additional losses are considered due to mechanical friction along
the drivetrain, liquid fuel boil-off (for LHy and NH3), and other upstream inefficiencies discussed above such
as inverters to output AC electrical power or fuel reformers for the PEMFCs. The baseline boil-off gas loss
rates for LHy and NHj are assumed to be 0.5% per day and 0.1% per day, respectively [70]. The efficiencies
of the main drivetrain components are indicated on Figure[§|and are also listed alongside costing information
in Table [B4] of The important sensitivities of the baseline results to these assumed losses are
assessed and discussed in section 5.2
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Table 4: Round-trip stored energy demand and TtW and WtW efficiencies of the various powertrain configurations. The WtW
efficiency is not given for fossil VLSFO because its upstream WtT efficiency was not modeled. Note that energy use does not
assess energy lost due to boil-off, but the TtW efficiency does.

Initial energy carrier | Round-trip energy Average %
Powertrain load for round trip carrier use efficiency
tonnes m? TJ tonnes m? TJ TtW  WtW

VLSFO ICE 1693 1809  68.06 1411 1507  56.71 | 30.5 -

LH, ICE 629.3 8876  75.52 | 451.7 6371 54.20 | 274 121
GH, ICE 542.0 14263 65.04 | 451.6 11885 54.20 | 31.8  18.5
NH; ICE 3780 5543  70.32 3057 4483  56.87 | 29.7 147

CH;0H ICE 3314 4185  65.96 2762 3487  54.96 | 31.6 15.6

LH; PEMFC 660.9 9321  79.30 | 4743 6690 56.92 | 26.1 11.5
GH; PEMFC 569.1 14976 68.29 | 4742 12480 56.91 | 30.3 176
NH3; PEMFC 4154 6091  77.27 3360 4926 6249 | 27.0 13.3
CH3;0H PEMFC | 5704 7203  113.5 4754 6002 94.60 | 184 9.1

LH,; SOFC 605.7 8543  72.69 | 434.7 6132 52.17 | 285 125
GH; SOFC 521.6 13727 6259 | 434.7 11439 52.16 | 33.1 19.2
NH3 SOFC 3486 5111  64.83 2819 4134 5243 | 32.1 15.9
CH3;0H SOFC 3160 3990  62.89 2633 3325 5240 | 33.1 16.3
BE ‘ 95337 33202  59.76 ‘ 32939 19763 35.57 ‘ 49.7 448

Finally, the required energy storage is determined by integrating the required fuel power over the round-
trip journey and adding a safety margin of 20%. An additional 40% capacity is required for the batteries used
in the FC and BE cases to compensate for normal degradation. We assume that the ship’s energy converters
are not powered at ports, and auxiliary power is supplied by ground-based sources. SCR NOy treatment
is assumed to be achieved using 40% aqueous urea for the VLSFO case and 30% aqueous green ammonia
for the remaining cases at respective ratios of 1.0 g urea solution/gNOy and 0.57 gNHj solution/gNOy
abated [82]. The additional ballast, cost, and GHG emissions from NOy treatment via SCR are included in
our calculations. After the initial fuel load is updated, and the TtW energy demand calculation based on
Equation and the representative voyage profile is determined, and the calculation is repeated iteratively
until convergence. The resulting TtW energy requirements for each case and the consequent TtW and WtW
efficiencies are tabulated in Table[d Importantly, the calculated values show fair agreement with the initial
50 TJ energy estimate from section 2]

The results in Table [4] indicate several notable trends. First, LHy energy storage leads to a relatively low
TtW efficiency regardless of the primary energy converter due to the baseline boil-off loss of 16.1% of the
initial fuel load incurred over the round-trip journey. Though boil-off gas accounts for a total stored energy
loss of 3.0% over the round-trip voyage for the NH3 powertrains, the associated cost is minor in comparison
to the LHy case, even though the impact on environmental chemistry may be far worse [83] [7]. Second,
unlike in land vehicles, the TtW conversion efficiencies of FC and ICE powertrains are not substantially
different. Indeed, the enormous scale and slow engine speed of marine ICEs reduces thermal losses via
the square-cube law and promotes complete combustion, making the thermodynamic advantage of FCs less
prominent compared to smaller applications. Third, the BE configuration has a significantly higher TtW
efficiency compared to the alternatives. Nonetheless, the BE configuration requires over 50,000 tonnes (and
over 30,000 m?) of onboard battery storage, which necessitates that over 25% of the vessel’s cargo capacity
be displaced to maintain seaworthiness. In Section [5] this will be shown to contribute to a prohibitively
high levelized cost of the BE option despite its comparatively high TtW efficiency.
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Table 5: Inventory emissions data in terms of grams emitted per kg of fuel for chemical converters. gCO2-e are evaluated using
GWP100-ARS5 [58], in accordance with MEPC.391(81) [36]. Powertrains not shown have no TtW emissions.

ICE PEMFC | SOFC
Parameter VLSFO H, NH; CH3O0H | CH3;0H | CH;0H
EFco, (8C05/Kgsel) 3114 0 0 1374 1374 1374
EFx,0 (gN20/Kgfuel) 0.1708  0.5324 0.3167  0.0219 0 0
EFcn, (8CHy/kKguel) 0.0661 0 0 0.0085 0 0
EFno, (gNOx/kgtue) 7713 2405  143.0  39.50 0 0
escr (8CO2-¢/Kgsuel) 66.62 11.677 51.770  2.228 0 0
(TtW GHG)/mper (kgCOz-¢/kgre) | 3.228  0.1528 0.1357  1.382 1.374 1.374
(TtW GHG)/Efuel (kgCOz-¢/GJrl) | 80.20 1273  7.206  69.44 69.02 69.02

4.2. Tank-to-wake emissions

The round-trip TtW GHG emissions are calculated in terms of GWP100-AR5 [58] using Equation
based on the framework established in Section 5 of MEPC.391(81) [36],

TtW GHG = myyel X [EF002 + 265 EFNQO + 28 EFCH4 + éscr (EFNOX)] , (3)

where mge is the total mass of fuel utilized for a single round trip as specified in Table[d] EF; is the emission
factor representing the mass of species i emitted per mass of fuel, and éscpr is a function of the NOy emissions
representing the average specific GHG emissions per unit of fuel associated with urea-based (VLSFO ICE
case) or ammonia-based (all other ICE cases) SCR NO, abatement calculated with GREET [57]. Here, the
COy emissions are calculated via a carbon balance assuming complete oxidation of fuel [84]. Conversely,
the CHy, N2O, and NOy emissions are determined from empirical inventory data for VLSFO ICEs [57] and
are set to zero for the FC cases [76]. Since empirical data are not openly available for large two-stroke ICEs
powered by Hy, NoO, and CH3OH, the baseline emission rates for these fuels are assumed based on relevant
literature [R5 [86], [87), 26, B8], [8I] and studied via sensitivity analysis in Section More specifically, Hy
ICEs are assumed to have no CH,4 emissions and the same NoO and NO, emissions per unit of engine output
as VLSFO ICEs, NH3 ICEs are assumed to have no CHy emissions and four times higher NoO and NO,
emissions per unit of engine output than VLSFO ICEs, and CH3OH ICEs are assumed to have equal NOy
emissions and four times lower NoO and CH,4 emissions per unit of engine output compared to VLSFO ICEs.
The resulting EF; values are summarized in Table

The analyzed ICE-powered cases include SCR treatment of the exhaust to levels of 14.0 gNO, /kWh or 3.0
gNO, /kWh when required in order to safely comply with Tier IT or Tier III NO emissions standards |73}, [74].
As stated above, Tier II NO, standards are enforced throughout the journey, while Tier III standards are
imposed only within NO, ECAs that are considered along 15% of the route. The upstream and end-use
GHG impact of SCR is modeled using GREET [57].

Using Equation [3] with the powertrain model described in Section the TtW GHG emissions for a
round-trip voyage of the reference vessel are computed as shown in Figure [7] The data indicate that the
baseline TtW GHG emissions of hydrogen and ammonia ICE ships are only 1.4% and 5.6%, respectively,
of the reference values for the VLSFO ICE ship, while hydrogen and ammonia FC and BE ships do not
produce any end-use GHG emissions. Conversely, the oxidation of methanol, either by ICE or FC, does
release significant amounts of carbon dioxide due to the embodied carbon within the fuel. Importantly,
however, the synthetic methanol considered in our study consists of carbon captured from the environment,
unlike the fossil carbon embodied within the VLSFO fuel. Hence, as will be shown in the following section,
when considered within the WtW life-cycle boundary, the end-use GHG emissions from the green methanol
fuel are mostly balanced by upstream biogenic credits from the WtT stage.

As helpfully noted by an anonymous referee, it is important to contrast the TtW COs-e emissions
reported in Figure |Z| and the WtW COs-e emissions discussed later with the results that would have been
attained if we had instead chosen to report GHG emissions based on the carbon intensity indicator (CII)
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Figure 7: Round-trip TtW GHG emissions for representative vessel with different powertrains. Powertrains not shown have
exactly zero TtW emissions.

or energy efficiency design index (EEDI) metrics as currently defined by the IMO [85]. Though revisions
to address certain technical shortcomings and other policy loopholes have been proposed, currently, the
CII and EEDI metrics are based only on TtW COs emissions (not COs-e emissions) and do not properly
account for the full, WtW life cycle GHG emissions associated with their use on ships [89]. As such, under
the current CII/EEDI definitions, GHG emissions from non-carbonaceous fuels like Hy and NH3 would have
zero emissions and be underestimated (especially when produced from fossil resources), while low-carbon
methanol may not receive appropriate upstream COs credits, allowing GHG emissions to potentially be
overestimated.

5. Well-to-wake life cycle analysis

5.1. Baseline results

This section presents the main results concerning the various amortized cost components over the ship
life cycle to determine the WtW TCO and WtW GHG emissions of the reference bulk carrier ship described
in Section [2] The levelized WtW TCO results are given in Figure [8] These results indicate that, without
carbon pricing or other supporting policy, the business-as-usual case (i.e. fossil VLSFO-fueled ICE) has the
lowest TCO among the options considered at $14.71 per cargo tonne. The lowest cost “green” option for
the WA-EA corridor is the ammonia ICE setup at a levelized TCO of $21.52/tonne, followed by ammonia
SOFC setup at $23.65/tonne and the LHy ICE and CH30H ICE setups at $24.91/tonne and $25.04/tonne,
respectively. Therefore, the levelized green premium of the NHz ICE configuration in the baseline scenario
is $6.81/tonne (46.3% above VLSFO ICE), notably lower than the $8.94/tonne (60.7%) green premium for
NH3z SOFC or the $10.20/tonne and $10.33/tonne (69.3% and 70.2%) respective premiums induced by the
next-best ICE powertrains (LHy and CH3OH). Notably, Figure 8| shows that most of the cost differential
between the best low-carbon options and the reference VLSFO ICE setup is attributable to the significant
difference between fossil and low-carbon fuel OpEx, however, there are also significant differences in CapEx
and some minor differences in non-fuel OpEx.

A finer-grained perspective on these expenses is presented Figure [0 which breaks down the main com-
ponents of the amortized CapEx and OpEx for each considered drivetrain in the baseline scenario. Note
that, unlike Figure[d] the values here are not levelized by annual cargo capacity in order to provide absolute
cost information. Figure [J] shows that cost of onboard energy storage is the biggest difference-maker after
the cost of fuel. Notably, for each energy carrier, the high CapEx associated with FC drivetrains is not
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Figure 8: Levelized WtW TCO, listed in increasing order, for the representative vessel with different powertrains. Note that
the BE case is scaled down by a factor of 10.

sufficiently compensated by their reduced OpEx due to improved efficiency and reduced fuel consumption
relative to ICEs in the baseline scenario. The cost of energy storage also effectively precludes the use of
GH; and batteries as primary energy carriers.

Despite the higher costs of a low-carbon fleet, the WtW LCA results given in Figure [10]indicate that all
considered alternatives offer WtW GHG reductions exceeding 90% COs-e from the business-as-usual case.
In the baseline scenario, the worst low-carbon case corresponds to the NHz ICE, which nonetheless achieves
a GHG emissions reduction of 92.2% relative to the VLSFO ICE case. However, the next section will show
that this reduction is highly sensitive to NoO emissions, which are not yet well-characterized for NH3 ICEs
and have the potential to significantly negate the GHG benefits of ammonia engines. Conversely, the BE
option has the lowest WtW emissions (98.7% reduced from the VLSFO ICE case) despite an enormous
LCOC (26 times higher than the baseline). Overall, the LCA reveals that any of the candidate low-carbon
fuels have significant deep decarbonization potential, while the TEA reveals that all induce a significant
green premium in comparison to the reference case.

Finally, we combine the TEA and LCA results to determine the CAC of the alternative powertrains with
respect to the fossil VSLFO ICE case. The CAC for case i is determined using Equation ,

LCOCyrsro 1ce — LCOC;

CAC; = LGHGe; — LGHGevLsFoO 1cE

(4)

where LCOC; is the levelized cost of cargo for scenario ¢ described above and shown in Figure[§] and LGHGe;
is the levelized GHG emissions for scenario 4 in Figure The WtW CAC; for each scenario i is given in
Figure The results show that the ammonia ICE case has the lowest CAC for all considered options.
Nonetheless, the associated CAC of $247/tonne COg-e for the NH; ICE scenario is high, even exceeding
the assumed price for COs from DAC used for synthetic methanol production. Indeed, while we do not
consider carbon taxation, this value is far higher than the <$100 carbon taxes typically proposed in policy
literature [90]. This underscores the significant economic and policy challenge of maritime decarbonization,
as the industry may find it preferable to emit and then offset carbon rather than to truly abate firsthand
GHG emissions. For this reason, initiatives such as green corridors will be essential to bridge the gap
between climate benefits and economic viability, by allowing nascent technologies and policies to be rapidly
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Figure 9: Breakdown of the main amortized WtW TCO components for different powertrains listed in increasing order. Note
that costs for the BE case are scaled down by a factor of 10.

developed, tested, and scaled such that they can reasonably compete with the business-as-usual paradigm
within an acceptable timeframe for the IMO’s net zero targets.

5.2. Sensitivity analysis

Having presented the baseline WtW TEA and LCA results, this section now assesses the sensitivity of the
main results to the major input assumptions. To synthesize both cost and GHG emissions information into
a single concrete metric for quantifying sensitivity, the carbon abatement cost is selected as the dependent
variable. More specifically, we assess the sensitivity of the CAC to upstream electricity prices and emissions
(i.e. upstream fuel costs and emissions), CO2 price, NOy and N2O emission intensities, fuel boil-off rates,
vessel lifespan, and propulsive efficiency. Here, the CAC sensitivity is calculated against the baseline VLSFO
ICE powertrain for each of the two best-performing powertrains for each low-carbon fuel using Equation @,
where the VLSFO ICE terms retain their baseline values, while the scenario ¢ terms are evaluated under the
modified parameters. Because of their dramatic cost differences relative to liquid fuels, the BE and GHs
cases are excluded from this analysis. The results of the sensitivity study, which extend our results across a
broadened parameter range, are summarized in figure

Several important insights can be gleaned from the sensitivity study. First, it is clear that the potential
success of low-carbon fuels hinges strongly on the very low electricity prices and GHG emissions made
possible by the abundant renewable energy resources in WA. The observed sensitivity indicates that future
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Figure 10: Levelized WtW GHG emissions, listed in increasing order, for the representative vessel with different powertrains.
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Figure 11: Carbon abatement cost for low-carbon powertrains relative to the VLSFO ICE powertrain in the representative

vessel listed in increasing order. Note that the CAC for the BE case is scaled down by a factor of 10.

work is needed to understand how such low-carbon fuel production pathways would fare in a dynamic
electricity market [91] and with electricity from other renewable resources with potentially higher life-cycle

GHG emissions such as solar [92].

Second, the results highlight a notable sensitivity of synthetic methanol-based decarbonization ap-
proaches to the cost of COs, where CAC parity between NHz and CH3OH ICE cases only occurs when
the cost of COs decreases below $73/tonne. At present, it is difficult to see how such a low cost could be
attained by DAC technologies [93], though comparable CO4 costs have been reported for BEC [94]. This
generalizing result underscores the aforementioned importance of access to suitable biomass resources (which
are not sufficiently available in WA) for the competitiveness of low-carbon methanol as a marine fuel.
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Figure 12: Sensitivity of the WtW CAC for six of the main alternative cases relative to the baseline VLSFO ICE case. Each color
group represents a different fuel/powertrain arrangement, and the horizontal bars in each group correspond to range of CAC
values resulting from the specified lower and upper bounds for each indicated independent variable. The CAC corresponding
to the baseline scenario for each fuel/powertrain layout is indicated by the thick vertical lines spanning each group.

Third, the potential for high NoO-

related emissions is of elevated concern for NH3 fuel due to reports of

untreated emissions on the order of 1.0 gN3O/kWh of engine output in higher-speed four-stroke ICEs [95]

[96, 7] (i.e., roughly 8 times higher t

han the baseline case). Indeed, NoO emission rates of this magnitude

would make NH3 ICEs much less attractive in terms of CAC, as NH3 ICEs emitting 1.0 gNoO/kWh output
(approximately 2.6g NoO/kggue) would diminish the WtW GHG emissions reductions relative to the VLSFO

case from 92% to 60%. As shown in
of the NH3 ICE case to $377/tonne,

cases as well as the NH; PEMFC and SOFC cases.

Figure this increase in emissions is sufficient to elevate the CAC
which is higher than the CAC for the baseline LHy and CH30H ICE
While relevant data from large marine engines are
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not yet available in the open scientific literature, it is clear from recent work by Zhou et al. [81] that N3O
emissions are substantially reduced at slower engine speeds and can be further managed with appropriate
design changes. As such, we maintain that our baseline assumptions are plausible expectations for NH3 ICEs
in the early 2030s time horizon. Regardless, NoO emissions are an important CAC sensitivity and further
experimental work will be necessary to fully understand exactly how significantly NoO emissions affect the
GHG impact of ships powered by ammonia in large marine ICEs, particularly in regards to coupling effects
with NOy emissions abatement as discussed below.

Fourth, elevated NOy emissions, which often correlate with increased NoO emissions, are a notable
sensitivity for ICE powertrains. Though earlier studies have neglected the techno-economic and life-cycle
GHG impacts of NOy treatment, we find that SCR can significantly increase the operating cost and GHG
emissions of ICE ships, particularly when it is required to meet Tier IT NOy thresholds. For instance, in the
baseline NH3 ICE case, SCR is responsible for a $0.30-per-cargo-tonne share of the TCO, and 6.6% of the
total WtW GHG emissions. Nevertheless, the issue of SCR introduces potential for even greater increases in
GHG emissions related to imperfect catalytic reduction of NOy to NO instead of nitrogen (N3) and oxygen
(O2) [82]. Indeed, even if only 1% of the 56 gNOy/kWh output baseline emission rate for NHz ICEs were
converted to NoO, this would generate enough N5O to increase the WtW emissions of the NH3 ICE case by
a factor of 5.5. Alternatively, if the NOy to NoO conversion rate were sufficiently low, the marginal efficiency
increases from SCR and the co-reduction of both NO, and N2O to Ny and O3 could offset the former effect
or even drive a net decrease in NoO emissions [98]. Due to complex interdependencies among the catalyst,
the operating temperature, and the NOy-to-NO ratio of the untreated NOy [99], conversions between NOy
and N3O have not been directly considered in this study, though the techno-economic and life-cycle impacts
of such effects can be understood from our sensitivity study. We believe that future research is warranted
in this direction.

Finally, the quantified sensitivity of the CAC to the daily boil-off rate of liquefied Hy and NHjs, the
vessel lifespan, the utilization rate, and the propulsive efficiency help generalize our results to a broader
range of assumptions. For example, the vessel lifespan sensitivity, which reflects the heightened risk asso-
ciated with relatively capital-intensive FC ships compared to ICE ships, also indicates the susceptibility of
the model to different capital costs and financing parameters. Similarly, the utilization rate could be an
important sensitivity if novel technologies turn out to require significantly more or less maintenance/down
time compared to current VLSFO ICE ships. The sensitivity to propulsive efficiency can be interpreted
as the responsiveness of the model to different energy conversion efficiencies, in addition to other effects
such as rough seas and/or biofouling of the hull. Finally, the boil-off rate sensitivity provides insight into
the trade-offs associated with different storage conditions for cryogenic liquid fuels. One particular set of
tradeoffs that we have intentionally not addressed are those related to LHy and NHj boil-off. Indeed, such
losses are of major concern among atmospheric chemists due to the potential disruption of the methane cycle
by hydrogen [I00] and the coupling of ammonia with particulate matter formation [83] [7]. It is feasible that
future ships could be designed to utilize boil-off gas for energy conversion rather than simply emitting or
flaring them. Alternatively, ships could be designed with onboard re-liquefaction facilities to recycle boil-off
at the expense of additional equipment costs and higher auxiliary power requirements. Nonetheless, as it
is difficult to anticipate how shipowners and regulators will address these issues, we have refrained from
considering explicit scenarios here and instead focused on sensitivities.

6. Concluding remarks

This work has studied the technoeconomic and life-cycle impacts of the proposed green corridor for iron
ore shipping between WA and EA. Based on a comprehensive modeling of costs and emissions incurred
throughout the vessel life cycle and upstream supply chain for various combinations of green energy carriers
and energy converters, we assessed the TCO and WtW GHG emissions associated with a full-scale adoption
of different low-carbon technologies against the business-as-usual scenario. Among the low-carbon fuels,
green ammonia was found to incur the lowest levelized WtT cost, estimated at $34.99/GJ in the baseline
scenario at a production scale of 20 PJ/year. This cost efficiency extends to the operational phase as well,
where ships powered by NHj3 exhibited the lowest TCO among low-carbon alternatives by a significant
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margin in the baseline scenario. Specifically, the levelized cost for NH3 ICE-powered ships was assessed to
be $21.52 per tonne of iron ore cargo, $6.81/tonne (or 46.3%) higher than fossil VLSFO-powered ICE ships.
In notable contrast to some earlier studies (e.g., [20]), green CH3OH fuel was found to be economically
suboptimal for the present application due to high COs prices driven by the scarcity of sufficient biomass
resources in WA.

While NH3 ICE ships did not yield the lowest WtW GHG emissions among the candidate technologies,
they did feature the lowest CAC at $246.6/tonne of COs-e in the baseline scenario. An important caveat
to this advantage, however, is the sensitivity of the CAC to NoO and NO, emissions, which are not yet
well characterized for large marine ICEs powered by ammonia. Indeed, at an average emission level of
just 1.0 gNoO/kWh output, the NH3 ICE configuration has only 60% lower WtW GHG emissions than the
fossil VLSFO ICE arrangement and yields a higher CAC than the LHy and CH30H ICE configurations.
While similarly high N3O emissions rates have been reported in smaller, faster ammonia engines [95] 96}, [97],
recent evidence [81] indicates that NoO emissions from well-engineered slow-speed ammonia ICEs should be
much less dramatic, as considered by our baseline assumption of 0.12 gNoO /kWh output for the NH3 ICE
case. However, even if these direct NoO emissions are well-managed, NO, abatement can pose similarly
substantial challenges, particularly when SCR is required to meet Tier II emissions controls. In particular,
the potential for catalytic conversion of NOy to NoO by SCR aftertreatment is discussed as a sensitive issue
meriting future research.

On the other hand, the NH3; SOFC powertrains, which do not generate relevant NoO or NO, emissions,
are identified as the next-best approaches for energy conversion in terms of both TCO and CAC in the
baseline scenario. Despite their favorable emissions characteristics, the technological maturity and cost
of FC systems lag notably behind ICEs [76] 29], meaning that significant uncertainties remain in regards
to FC durability and cost. In notable contrast, BE ships were found to be over an order of magnitude
more expensive than all other alternatives in the WA-EA corridor in the early 2030s. This emphasizes
that electrification alone is not a viable pathway for decarbonizing the heavy deep-sea shipping sector and
highlights the general challenge of achieving cost parity with less dense energy carriers.

In closing, NHj is identified as the most cost-effective low-carbon energy carrier for the WA-EA green
shipping corridor. Though ICEs are favored under baseline conditions despite their elevated NoO and NOy
emissions, sensitivity analysis reveals important compromises between cost and emissions that could favor
FCs in certain scenarios. Nevertheless, as test data from large marine NHs ICEs and further technology
demonstrations from FCs become available, the relevant uncertainty ranges in our sensitivity analysis will
be increasingly bounded such that the environmental and economic tradeoffs between ICEs and FCs can be
more precisely quantified.

Nomenclature
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B Breadth
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EEDI Energy Efficiency Design Index

EF Emission Factor

EM  Electric Motor

FC Fuel Cell

GH; Gas-phase (compressed) hydrogen
GHG GreenHouse Gas

GMF Global Maritime Forum

GREET Greenhouse gases, Regulated Emissions, and Energy use in Transportation
GtT  Gate-to-Tank

GWP100 100 Year Global Warming Potential
H2A  Hydrogen Analysis

HB Haber—Bosch

ICE Internal Combustion Engine
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LH, Liquid-phase (liquefied) hydrogen
LCA Life-Cycle Assessment

LCOC Levelized Cost of Cargo

LCOF Levelized Cost of Fuel

LDT Lightweight Tonnage

LGHGe Levelized GHG Emissions

LHV Lower Heating Value

MEPC Marine Environmental Protection Committee
NREL National Renewable Energy Laboratory
OpEx Operational Expense

PEM Proton Exchange Membrane

PSA  Pressure Swing Adsorption

RPM Revolutions Per Minute

RWGS Reverse Water-Gas Shift

SCR  Selective Catalytic Reduction

SFC  Specific Fuel Consumption

SG Specific Gravity
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SO Solid-Oxide

TCO Total Cost of Ownership
TEA TechnoEconomic Analysis
TPC Total Plant Cost

TtW  Tank-to-Wake

USD  United States Dollars
VLSFO Very low sulfur fuel oil
WA Western Australia
WDA Wind Drag Area

WSA  Wetted Surface Area
WtG  Well-to-Gate

WtT  Well-to-Tank

WtW  Well-to-Wake
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Appendix A. Representative Ship Survey Information

This appendix summarizes the AIS data and vessel/journey information obtained from our survey of the
current iron ore bulk carrier fleet in the WA—Japan shipping corridor. The statistics from this survey are
organized in Table

Appendix B. Detailed Analysis Information

This appendix details additional information about the production, distribution, and end-use of low-
carbon fuels, as well as the assumptions used to formulate the corresponding life-cycle cost and emissions
analyses.
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Appendiz B.1. Mass and energy balance for low-carbon fuel production
Appendiz B.1.1. Hydrogen production

Figure shows a flowchart of the “green” hydrogen production pathway using a low-temperature PEM
electrolyzer as in [42], which is simulated in our work using Aspen Plus. In this system, ambient water is fed
to the PEM electrolyzer after compression and heating. The PEM electrolyzer operates at 80 °C and 5 bar
to produce a high-purity oxygen flow from the anode and a high-purity hydrogen flow from the cathode.
The oxygen produced by the electrolyzer is cooled to 25 °C and then sent to a flash separator, designed
to recover condensed, unconverted water, which is then recycled back to the electrolyzer. After the flash
separator, the primary oxygen stream is sent to a dehydration separator to separate 99.97% of water, and
the purified O is compressed. Similar to the oxygen product stream, the hydrogen product stream from
the PEM is cooled to 25 °C and sent to a flash separator. The unconverted condensed water is then recycled
and combined with the feedwater stream to pass through the electrolyzer again. After the flash separator,
the primary hydrogen stream is first re-heated to 90 °C and then fed to a de-oxygenation reactor to remove
99.7% of oxygen impurities. Overall, 51.3 kWh of electricity and 14.3 kg of water is used to produce 1 kg of
hydrogen with a current density of 2 A /cm?.

Appendiz B.1.2. Ammonia production
Ammonia is produced from Haber-Bosch (HB) looping using hydrogen from the water electrolysis process

of Section [Appendix B.1.1{and nitrogen separated from an air separation unit (ASU), as depicted schemat-

Table Al: Statistical summary of information obtained from the current iron ore bulk carrier fleet based on a survey of 25
ships operating in the WA—Japan corridor between August 2022 and February 2023.

(a) Vessel specifications

Parameter | Commissioned Keel laid  Gross tonnage Net tonnage  Grain volume  Summer deadweight

Unit year year GT NT m3 tonnes
Min 2004 2007 90,058 39,311 146,938 176,928
Mean 2012 2016 121,418 51,465 176,517 232,194
Max 2020 2021 136,199 69,895 229,498 250,950

(b) Vessel measurements

Parameter | Fuel volume Registered length  Length between perpendiculars Breadth Depth  Draught

Unit m?3 m m m m m

Min 4,691 288.97 279 45 24.3 16.53
Mean 7,022 312.53 302 54 24.9 18.11

Max 8,742 329.95 321 57 25.7 18.62

(c) Powertrain specifications

Parameter | Engine bore Stroke Cylinder count Rated service speed  Rated power Propeller
Unit mm mm - knots kW -
Min 650 2674 6 14.5 16810 1, fixed-pitch
Mean 740 3172 6 16.4 19781 1, fixed-pitch
Max 850 3720 7 17.9 22432 1, fixed-pitch

(d) Voyage data

Parameter | Distance Maximum Speed  Average Speed Maximum draught Duration
Unit nmi knots knots m hours

Laden Min 3363 12.9 9.1 16.0 343
Laden Mean 3549 14.0 10.1 17.6 366
Laden Max 3723 14.5 10.9 18.1 409
Ballast Min 3428 13.5 10.2 8.8 245
Ballast Mean 3621 15.6 12.4 17.0 297
Ballast Max 3943 17.0 14.5 19.0 352
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Figure B1: Low-temperature water electrolysis process for green hydrogen production.
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Figure B2: Haber—Bosch process using electrolytic hydrogen for green ammonia production.

ically in Figure [B2] Aspen models for the compressor, air separation unit, and HB looping system are
combined with electrolytic hydrogen process based on [43]. The molar ratio of Hy and Ny input for the HB
loop is 3:1. The mixture of Hy and N» is compressed to 250 bar using four stages of intercooling compressors
with an isentropic efficiency of 86% and an intercooling temperature of 43 °C. The compressed gas is mixed
with the recycling stream from the HB loop through an equilibrium reactor model to convert 26% of Hy into
NHj at 500 °C and 250 bar. The product gas exiting the HB reactor is cooled and purified through six flash
units to produce liquid ammonia with a purity of 99 mol%. In this work, an ammonia refrigeration loop is
used for cooling processes. In the refrigeration loop, a depressurized ammonia refrigerant is evaporated to
cool the process stream. The vaporized refrigerant is then regenerated through compression and cooling.
Overall, 10.1 kWh of electricity and 2.62 kg of water is used to produce 1 kg of liquid ammonia.

Appendiz B.1.3. Methanol production

Methanol is produced from a methanol synthesis process shown in Figure B3] using hydrogen from the
water electrolysis process of Section [Appendix B.1.1land CO, from DAC. The methanol production process
is modeled in five reaction areas using Aspen Plus [44]. First, Hy and COs are compressed to 24.7 bar, with
a 1:1 molar ratio. Next, the compressed Hy and CO2 react in a reverse water-gas shift (RWGS) reactor
with a Ba—Ceg 2Z10.6Y0.16Zn0.0403 catalyst at 600 °C and 24.5 bar to convert 36% of the COs into CO.
A Selexol CO4 capture unit is utilized to remove CO5 and increase the CO molar concentration in the
syngas from 31% to 60%. Third, syngas from the separated COs is synthesized in the methanol reactors via
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Figure B3: Green methanol synthesis process using electrolytic hydrogen and CO2 from DAC. (Reproduced from [44].)

chemical equilibrium reactions. Each methanol reactor has a CO conversion ratio of 17% per pass at 300 °C
and 51 bar. Hence, using three reactors in series, with 89% of the effluent gas recycled to the methanol
reactors, around 90% of the total CO is converted into methanol. After the effluent gas recycle, 85% of the
H, is separated by pressure swing adsorption (PSA) and recycled to the Hy compressor. Finally, methanol
is distilled and cooled for product storage, while all the combustible components are fed to the boiler for
combustion to provide heat at 900 °C for the RWGS reactor. The system design also necessitates cooling
towers, material storage, and wastewater treatment units that are included in the technoeconomic analysis.
The cooling tower operates at temperatures between 28 °C and 37 °C with a cooling water recycling efficiency
of 99.85%. Overall, 11.1 kWh of electricity, 3.24 kg of water, and 1.66 kg of captured COs is used to produce
1 kg of liquid methanol.

Appendiz B.2. Techno-economic analysis

Appendiz B.2.1. Well-to-gate phase

The TEA for low-carbon fuel production is based on the TEA method developed in [47] and applied
in earlier work by the last author [44] [45]. To estimate CapEx, the total overnight costs are determined
from the sum of the total plant cost (TPC), the pre-production costs, inventory capital, and other costs as
detailed in [47, Exhibit 2-4]. The total plant cost includes all process equipment costs, which must be scaled
to the specific demands of the application. This scaling is calculated according to the equation,

Se-Tou () 2

where C; and S; are the respective cost and scale of the i-th piece of equipment in the designed plant, Cy ; and
So,i are the respective cost and scale from the reference plant, and f; is the scaling exponent. Additionally,
the costs are updated for this study by adjusting to the 2024 USD and applying the location factor (1.01) for
Australia. A full list of all parameters used in the TEA for fuel production are listed in the original sources
by the last author [44] 45]. Operator costs are estimated at $38.05/hr (200% of WA minimum wage, plus
25% overhead), with a 30% burden of operating labor [I0I]. The property taxes, maintenance, materials,
and insurance (i.e. the remaining non-feedstock OpEx) are assumed to be 4% of the TPC. The levelized
cost of fuel (LCOF) of all cases is evaluated using the NREL H2A model [46] based on discounted cash flow
analysis for the 2024 U.S. dollar with the detailed assumptions shown in Table [B]
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Table B1l: Discounted cash flow analysis assumptions for low-carbon fuel production.

Parameter ‘ Value

Reference year | 2024

Assumed start-up year | 2023
Length of construction period (years) 1
Start-up time (years) 1

Plant life (years) 40

Analysis period (years) 40

Depreciation schedule length (years) 20

% equity financing (%) | 40%

Interest rate on debt (%) | 3.7%
Debt % of fixed operating costs during start-up (%) | 75%
Debt % of revenues during start-up (%) | 50%
Debt % of variable operating costs during start-up (%) 5%
Decommissioning costs (% of depreciable capital investment) 10%
Salvage value (% of total capital investment) | 10%

Inflation rate (%) | 1.9%

After-tax real IRR (%) | 8.0%

Total tax rate (%) | 25.74%

Table B2: Cost components and electrical power consumption for low-carbon fuel distribution.

Item ‘ CapEx Electricity usage  Non-energy OpEx
1 GW H; pipeline $300776/km 284 MWh/(km-yr) 2% of CapEx
1 GW NH3 pipeline $210747/km 291 MWh/(km-yr) 2% of CapEx
1 GW CH3OH pipeline $196979/km 272 MWh/(km-yr) 2% of CapEx
Hs liquefaction $2100000/ MW 8.0 kWh/kg 4% of CapEx
Hs compression (700 bar) | $600000/ MW 3.0 kWh/kg 4% of CapEx
LH, storage $600/GJ 5556 MWh /yr 4% of CapEx
GH;, storage $6000/GJ 111 MWh/yr 1% of CapEx
NH; storage $70/GJ 1667 MWh /yr 4% of CapEx
CH3OH storage $50/GJ - 2% of CapEx

Appendiz B.2.2. Gate-to-tank phase

The TEA for the GtT phase of the upstream analysis is based on literature information for fuel distri-
bution and bunkering costs [63], [65], [66] 20, 26, [67, [68, [69] [70]. Based on the CapEx and OpEx components
given in Table [B2] costs at each stage of the equipment’s assumed 40-year lifetime are amortized using a
capital recovery factor of 7.50% to retrieve the levelized costs reported in Table

Appendiz B.2.3. Tank-to-wake phase

The main assumptions used for the TCO calculations are displayed in Table Further, the parameters
used to estimate the mass/volume displacement of energy storage approaches are given in Table The
assumed values were derived from literature data in maritime applications 26, 23], 20} [68], [32] 29] 30, 311 [35]
76).
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Table B3: Cost and performance parameters for the ship propulsion systems

Component CapEx OpEx Lifetime  Major parameter (baseline)
Vessel $80x 106 1% of CapEx 25 years 32800 LDT
VLSFO ICE $500/kW 2% of CapEx 25 years
CH3O0H ICE $550,/ kW 2% of CapEx 25 years
H, ICE $750/kW 2% of CapEx 25 years
NH; ICE $650/kW 2% of CapEx 25 years
Hy; PEMFC $800/kW 2% of CapEx  8.33 years 55% efficiency
SOFC $1400/kW 2% of CapEx 8.33 years 60% efficiency
EM $150/kW 1% of CapEx 25 years 90% efficiency
Inverter $180/kW 1% of CapEx 25 years 95% efficiency
Gearbox $90/kW 1% of CapEx 25 years 95% efficiency
Fuel reformer $500/kW 2% of CapEx 25 years 80% efficiency
Alternator $130/kW 1% of CapEx 25 years 75% efficiency
SCR system $50/kW 2% of CapEx 12.5 years
Battery system | $200/kWh 1% of CapEx 12.5 years 90% efficiency
VLSFO tank | $0.0936/kWh 2% of CapEx 25 years
LH, tank $2.16/kWh 2% of CapEx 25 years 0.5% daily boil-off
GH; tank $21.6/kWh 2% of CapEx 25 years
NH; tank $0.252/kWh 2% of CapEx 25 years 0.1% daily boil-off
CH3OH tank $0.18/kWh 2% of CapEx 25 years

Table B4: List of key properties for the considered maritime energy carriers

carrier | specific energy (kWh/kg) —energy density (kWh/L)  density (kg/m®) mass %H

VLSFO 11.17 10.45 936 -
LH, 33.33 2.36 70.9 100
GHs 33.33 1.27 38.0 100
NHj 5.17 3.52 682 17.8

CH3O0H 5.53 4.38 792 12.6

Battery 0.30 0.50 1667 -
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