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Hydrogen-based fuels are potential candidates to help international shipping achieve net-zero greenhouse gas
(GHG) emissions by around 2050. This paper quantifies the environmental impacts of liquid hydrogen, liquid
ammonia, and methanol used in a Post-Panamax container ship from 2020 to 2050. It considers cargo capacity
changes, electricity decarbonization, and hydrogen production transitions under two International Energy
Agency scenarios: the Stated Policies Scenario (STEPS) and the Net Zero Emissions by 2050 Scenario (NZE).
Results show that, compared to the existing HFO ship, hydrogen-based propulsion systems can decrease cargo

weight capacity by 0.3 % to 25 %. In the NZE scenario, hydrogen-based fuels can reduce GHG emissions per
tonne-nautical mile by 48 %-65 % compared to heavy fuel oil by 2050. Even with fully renewable hydrogen-
based fuels, 18 %-31 % of GHG emissions would still remain. Using hydrogen-based fuels in internal combus-
tion engines requires attention to minimize environmental trade-offs.

1. Introduction

International shipping enables 80-90 % of global trade and com-
prises about 85 % of the net greenhouse gas (GHG) emissions associated
with the shipping sector (IRENA, 2021). The high amount of GHG
emissions is mainly due to high reliance on the use of fossil fuels
including heavy fuel oil (HFO) and marine gas oil (MGO) (IMO, 2021b).
The International Maritime Organization (IMO) aims to reach net-zero
GHG emissions from international shipping close to 2050 and strives
to achieve an uptake of 5-10 % alternative zero and near-zero GHG fuels
in energy use by 2030 (IMO, 2023). Hydrogen-based fuels like hydrogen
(H,), ammonia (NH3) and methanol (MeOH) are candidate low-carbon
fuels (IRENA 2021; Balcombe et al.,, 2019; Miiller-Casseres et al.,
2024). At this moment, the shipping sector has limited experience using
Hy-based fuels and overall environmental trade-offs of these different
fuels have not yet been extensively analyzed.

Assessing the environmental impacts of using Hap-based fuels on ships
helps to identify environmentally optimal alternative fuels and design a
comprehensive roadmap to promote an effective transition to low-
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carbon fuels. Life cycle assessment (LCA) is the standard approach to
assess the environmental impacts in a scientific and holistic manner
(IMO, 2023). Several studies have done LCA research on using Hp-based
fuels for international shipping. Bicer and Dincer (2018) compare the
environmental impacts of low-carbon Hy and NHj3 produced with
biomass, municipal waste and geothermal energy and HFO when used
for transoceanic freight shipping. They find that switching to low-carbon
Hj and NHj3 in maritime transportation can reduce GHG emissions and
other environmental impacts considerably. They assume the energy use
per tonne-kilometer is the same among different fuels and ignore, for
instance, changes in available cargo capacity due to changes in fuel
storage and propulsion systems adapted to the different fuels (Korberg
etal., 2021; Kim et al., 2020; Stolz et al., 2022). Kanchiralla et al. (2023)
evaluate the environmental impacts of operating a tanker equipped with
an internal combustion engine and fuel cell, powered by various
hydrogen-based fuels such as Hy, NH3, and MeOH, by 2030. While the
initial technical viability analysis quantifies the changes in volume and
weight of Hp-based propulsion systems compared to traditional ones, the
effects of possible cargo capacity loss on environmental impacts have
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not been comprehensively assessed. Moreover, existing research often
assumes that Hp-based fuels are exclusively sourced from renewables or
low-carbon electricity, while overlooking the constraints of the global
Hy market, with the market shares of different technologies varying
across roadmaps. This assumption could lead to overly optimistic con-
clusions regarding the decarbonization of the shipping sector using
Hy-based fuels.

To fill this knowledge gap, we develop a methodology to quantify the
changes in cargo space and weight when replacing traditional HFO
propulsion systems with Hy-based fuels. This approach is integrated
with a future-oriented global Hy production model that includes im-
provements in energy and material efficiency, the evolution of the Hy
market, and electricity decarbonization. Using this framework, the life-
cycle environmental impacts of a typical Post-Panamax containership
powered by various Hy-based fuels are quantified from 2020 to 2050.
The results aim to guide the deployment of Hy-based fuels in container
shipping while minimizing environmental impacts.

Resources, Conservation & Recycling 226 (2026) 108671

2. Methods and data
2.1. Goal and scope

An attributional LCA is used in this study to compare the environ-
mental impacts of a containership powered by liquid Hp, liquid NH3,
MeOH, and conventional HFO from cradle-to-grave between 2020 and
2050. The functional unit of this study is defined as “carrying one tonne
of cargo over a distance of one nautical mile (t-nm)”, where 1 nm equals
1.852 km. A Post-Panamax containership with a capacity of 8749 TEU
(twenty-foot equivalent units) is chosen as the representative ship for
the size range 8000-11,999 TEU, which is the most commonly used size
class for international container shipping (there are nine size categories
of containerships, ranging from 0-999 TEU to 20,000+ TEU). Ships
within this size class (8000-11,999 TEU) were also the largest emitters
of GHG emissions among containerships in 2018, accounting for 25 % of
emissions (IMO, 2021b). By 2050, this category is expected to have the
largest share of ships, up to 20 % (IMO, 2021b). As shown in Fig. 1, this
study considers four types of propulsion systems: diesel internal com-
bustion engines (ICE) burning HFO, and dual fuel ICE using liquid Ho,
liquid NH3, and MeOH with MGO as the pilot fuel. Since Hy-based fuels
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Fig. 1. System boundaries for container shipping with different propulsion systems (The case ship information and detailed flow charts showing the unit processes of
each propulsion system are provided in Section 1 of the supporting information (SI)).
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are difficult to ignite directly under compression-ignition conditions, a
small amount of easily ignitable pilot fuel is required to ignite the pri-
mary alternative fuel (IMO, 2021b). Dual fuel ICE are emphasized in the
Fourth IMO report because they are easier to scale up compared to spark
ignition engine (IMO, 2021b). Additionally, dual fuel ICE can utilize
Ha-based fuels with slightly lower energy efficiency compared to tradi-
tional diesel ICE; however, they do not require significant retrofitting of
existing propulsion systems and offer lower costs compared to fuel cells.
For MeOH production, this study considers CO5 from direct air capture
(DAC) as the feedstock. Although biogenic COy can currently be ob-
tained at lower cost, its availability is limited (IRENA, 2021). Moreover,
DAC has lower land intensity and greater flexibility in both time and
space (Fuhrman et al., 2021; Terlouw et al., 2021), making it a more
scalable and globally applicable solution in the long-term.

To comprehensively reflect the impacts of these propulsion systems
and corresponding fuel supply on the environment, this study considers
multiple ship design and operation scenarios involving different ranges
and speeds, as well as future Hy supply scenarios aligned with different
policy settings (see Sections 2.1.1 and 2.2.2). Consistent with the fore-
ground data, background data reflecting electricity decarbonization
under different scenarios are also used (see Section 2.2.7).

2.1.1. Ship design and operation scenarios

The various Hp-based propulsion systems differ in overall volume
and weight, depending on the configuration of components within the
system, the physical properties of each fuel—liquid Hj, liquid NHs, or
MeOH—and the specific tank types designed to storage each fuel. These
differences will affect the cargo capacity in terms of available space and
weight compared to HFO-ICE ship. The size of the fuel tank is an
important aspect of such long-distance vessels which depends on the
ship’s designed range (a larger fuel tank is required for a larger range,
but could affect cargo capacity), and speed (slower speed decreases
energy consumption for the same range (Lindstad et al., 2011) and al-
lows for a smaller fuel tank, although it requires more time to complete
the journey). The change in the available cargo capacity will directly
impact the fuel use per transport work and, consequently, the environ-
mental impacts.

To investigate the impacts of these design and operation choices, the
study sets various operation scenarios covering different ranges, speeds,
and refueling times. As shown in Table 1, six combined scenarios are
analyzed based on a main route between Asia (Shanghai) and Europe
(Rotterdam), where container ships with a capacity of 8000-11,999 TEU
operate (GMH, 2019, IRENA, 2021). The round trip between Shanghai
and Rotterdam without refueling, which is technically feasible but re-
quires carrying more fuel on board at once, serves as the upper
boundary. Although the scenario assuming a 22,000 nm round trip
without refueling may not reflect typical operational practice, it is
included as an exploratory boundary scenario to assess the upper-limit
impact of Hy-based fuels on ship cargo capacity. This extreme case is
intended to reveal the technical design constraints that may arise under
maximum endurance conditions. A typical single trip between Shanghai
and Rotterdam covering 11,000 nm range without refueling is set as the
medium scenario. Finally, a single trip between Shanghai and Rotterdam
with one refueling stop is assumed to represent the minimum

Table 1
Ship operation scenarios. The range refers to the maximum distance a ship can
go on a single fuel loadout.

Scenario R-A-N R-L-N S-A-N S-L-N S-A-1 S-L-I
Range 22,000 22,000 11,000 11,000 5500 5500

nm nm nm nm nm nm
Trip Round Round Single Single Single Single
Speed 20 knots 16 knots 20 knots 16 knots 20 16

knots knots
Stops to Nonstop Nonstop Nonstop Nonstop 1 1
refuel
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operational range of 5500 nm. Interim port calls that allow for refueling
can reduce the amount of fuel carried; however, frequent stops also
increase operational costs due to port fees and time spent in port.
Therefore, only one port call is assumed in this scenario. This shorter
route is well within the range of the container ships in this size category
(ICCT, 2020). Each range is coupled with an average service speed of 20
nautical miles per hour (knots) (Minnehan and Pratt, 2017) and a lower
speed of 16 knots (MI, 2019) to evaluate the effects of speed.

2.2. Life cycle inventory analysis

We will now discuss the unit process data for ship production, fuel
supply, and ship operation. Detailed information on all unit process data
is available in Section 2 of the SI.

2.2.1. Ship production

The material composition of the container ship construction is
determined by the lightweight mass (LWT) as calculated by Eq. (1), and
material breakdowns are from Jain et al. (2016) and Notten et al.
(2018). Material demands for the main engine are excluded at this stage,
with detailed life cycle inventory (LCI) data for the main engine
collected separately. Welding, electricity use, heat consumption, and
emissions during hull construction are calculated according to Notten
et al. (2018).

DWT
A

LWT =(1-2) x (€8]
where LWT represents the weight of the empty vessel, including hull
material, machinery, and outfitting (SRI, 2018); deadweight tonnage
(DWT) is the load capacity of the vessel, including the cargo, fuel, water,
crew and effects (Tupper, 2013) (103,800 t (Scheepvaartwest, 2025));
and 4 is the ratio of the DWT to the total weight of the ship (70 %
(Papanikolaou, 2014)). It is assumed that the LWT of the ship remains
unchanged regardless of the propulsion system.

2.2.2. Hj supply

This study builds upon the model of Wei et al. (2024) to account for
the environmental impacts of global future Hy supply, which integrates
two Hj scenarios by the International Energy Agency’s, the Stated Pol-
icies (STEPS) Scenario and Net Zero Emissions by 2050 (NZE) Scenario
(Wei et al., 2024). The models encompass nine leading Hy production
technologies, including coal gasification, natural gas steam reforming,
and biomass gasification, both with and without carbon capture and
storage (CCS), as well as grid-coupled water electrolysis using alkaline
electrolyzers, proton exchange membrane electrolyzers, and solid oxide
electrolysis cells. The models also consider electricity decarbonization,
efficiency improvements, advancements in electrolyzer technology, and
changes in the Hy production mix.

2.2.3. Fuel oil and Hj-based fuel supply chain

The HFO and MGO are sourced from the global market as modeled in
the ecoinvent database (Wernet et al., 2016). To comply with the global
sulfur limit outside Sulfur Emission Control Areas (SECAs) under the
IMO 2020 regulation (IMO, 2021a), a desulfurization process based on
Silva (2017) is applied to reduce the sulfur content in HFO and MGO
from 1.03 % (Wernet et al., 2016) to 0.5 %. Although SECAs enforce a
stricter sulfur content limit of 0.1 %, and fuel switching is required when
entering these areas, this process is not considered in the model since the
fuel consumption within SECAs is marginal compared to the total
voyage. The gaseous Hy from the global market (Wei et al., 2024) is used
as the feedstock for the liquid Hy, liquid NH3 and MeOH production. For
liquified Hy production, input data for the Hy liquefaction plant and Hy
loss are taken from Wulf and Zapp (2018) with a median electricity
consumption of 10.5 kWh per kg of liquified Hy (Al Ghafri et al., 2022).
The LCI for liquid NHs production is derived from the research of
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D’Angelo et al. (2021). The LCI for MeOH production comes from
Gonzalez-Garay et al. (2019). CO, feedstock is obtained via DAC, with
its LCI provided by Keith et al. (2018).

2.2.4. Propulsion systems

The components in different propulsion systems vary from one
another. Each component is sized according to the same output power
required for the propeller and auxiliary systems. For the dual-fuel ICE
combusting Hy-based fuels, 5 % of the energy content is required as
MGO for pilot fuel (Kanchiralla et al., 2023). To reduce nitrogen oxide
emissions in compliance with IMO Tier III regulations, selective catalytic
reduction (SCR) is equipped on both main and auxiliary engines oper-
ating with HFO, liquid NH3, and MeOH. For liquid Hy, however, SCR is
applied only to the main engine. This is because H, combustion in the
main engine can generate nitrogen oxides (NOy), as the higher flame
temperatures promote thermal NOy formation from nitrogen and oxygen
in the intake air, whereas such conditions are less pronounced in the
auxiliary engine (Gao et al., 2021, EMSA, 2008). The activating element
in the SCR catalyst is assumed to be TiO2, making up about 0.25 % of the
SCR weight (Liang et al., 2011). SCR catalysts are expected to be
replaced once during the ship’s lifetime (Kanchiralla et al., 2022).

The specific components for different propulsion systems are
detailed in the SI Figure S1. Key parameters and LCI sources for these
components are listed in Table S2 in the SI. For the LCI of motor drive
manufacturing, material data is sourced from Westberg (2020) and
electricity consumption information is from the manufacturer (ABB,
2003).

2.2.5. Fuel storage

The HFO is stored in normal diesel tanks (Kanchiralla et al., 2022).
Liquid Hp and NH3 are stored in cryogenic tanks. MeOH, being liquid at
room temperature, is stored in MeOH tanks. The characteristics of these
fuels, their storage requirements, and the corresponding LCI sources are
summarized in Table S3 in the SI.

2.2.6. Ship operation

Compared to HFO, Hs-based fuels have lower volumetric and
gravimetric energy densities in onboard storage, either due to their
inherently low energy density (e.g., liquid NH3 and MeOH) or the need
for dedicated cryogenic tanks with insulation (e.g., liquid Hy and liquid
NHj). As a result, using all types of Hy-based fuels may necessitate
sacrificing part of the cargo space and weight to complete the same
voyage. The processes for determining these values are illustrated in
Figure S2 in the SI. The detailed calculation process is discussed further
in the subsequent sections.

To complete the same voyage with different propulsion systems and
operating scenarios, the corresponding on-board energy demands are
determined using Eq. (2).

P, p
Eij:<ﬂ+ﬁ)ijxFM (2)

M, Na;

whereEj; is the total onboard energy demand of the ship range under the
propulsion system i and operation scenario j, in MWh; P4y and Paa (see
Egs. (3)-(4)) are the average output power of the main engine and
auxiliary power system, in MW; 1, and 7, are the efficiencies of the
main engine and auxiliary power system for the propulsion system i; T is
the sailing time in the operation scenario j, determined by the ship range
and operating speed, hours; FM is the fuel margin (120 %(Hanssen et al.,
2020)), introduced to ensure voyage completion even in the event of
potential detours, unexpected bad weather conditions, or similar factors
(Stolz et al., 2022).

The average output power of main and auxiliary engines is calcu-
lated according to Egs. (3) and (4) IMO 2021b(IMO, 2021b)

Resources, Conservation & Recycling 226 (2026) 108671

2 3
Py x Dy \? x [ Save
Ditax Smax 3)

7’]W><7’]f

Py =

where Py is the installed power of the main engine, MW; Djsq, and Daye
are the maximum and average draught of the ship, respectively; Syax
and Suy. are the maximum and average operating speed of the ship,
respectively; n,, and 7 are correction factors for weather and fouling.

Ppp =Py X LFy “4)

where P, is the installed power of the auxiliary engine, MW, LFy is the
average load factor of the auxiliary engine (50 % (MAN 2024, Perci¢
et al., 2022)).

For liquid Hy and NHs, boil-off gas (BOG) can occur when heat
penetrates the cryogenic tanks. Although BOG can be utilized for pro-
pulsion, it is conservatively assumed to be reliquefied for better control
(McKinlay et al., 2021). Since the BOG volume decreases as fuel is
consumed, the reliquefaction system is designed based on the maximum
hourly BOG volume. The additional energy required for BOG relique-
faction is calculated using Eq. (5).

ke, <A[(E;  Ejxt
Eg, = — S 2" ) x BOG;
0 ) ; |:(/)i pi X FM X T) x BOG ®

where Eg, is the energy demand for reliquefying BOG, in MWh; kg, is the
electricity consumption for reliquefying the BOG of propulsion system i
under operation scenario j, assumed as 3.3 kWh/kg for liquid Hy (Lee
etal., 2019) and 0.224 kWh/kg for liquid NHg3 (Lee et al., 2022); tis time
point of ship operation in one voyage, in hours; p; is the energy density
for fuel used in propulsion system i; and BOG; is the hourly evaporation
rate of the fuel used in propulsion system i, assumed as 0.0167 % per
hour for liquid Hy and 0.0017 % per hour for liquid NH3 (Song et al.,
2022).

In addition to the variations in fuel volume and mass, and the cor-
responding tank sizes required by different propulsion systems, the
installed power, volume, and mass of some components in Hp-based
propulsion systems differ from those in traditional systems. Conse-
quently, there will be changes in cargo space and weight, as described by
Egs. (6) and (7).

0.95 0.05
AVij:ﬂXVoE‘l‘VoT—FVoo—aXVHE(—(Eij+ERU>><< + )

Vi, Hi Vr Tpi
— Vo,

(6)

where AVj is the change in cargo space (in m®) due to the adoption of
Hy-based propulsion system i in the scenario j. f is the ratio of the engine
room volume to the HFO-ICE main engine volume (Vpg), which is 5
times larger due to clearances required for access and maintenance
(Minnehan and Pratt, 2017). Vor is the volume of the existing HFO tank,
which is 12,000 m3. Voo is the sum of volumes of other necessary
components in the HFO-ICE propulsion system, m?; « is the ratio of the
engine room volume to the volume of the main engine in Hp-based
propulsion system i (Vgg,), which is 5 times larger for the dual fuel ICE
(Minnehan and Pratt, 2017). Vpr, and Vpr, are volumetric energy
densities (including tank) of the Hy-based fuel and pilot fuel used in the
propulsion system i. Vo, is the sum volume of other components in the
Hy-based propulsion system i.

E; 0.95 0.05
AM;; = Mog +Mor + 2=+ Moo — My, — (EU+ER]> x ( + )
(0]

Grr,,  Grry
— Mo,
)

where the AMj is the change in cargo weight (in tons) due to the
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replacement of the HFO-ICE propulsion system with the Ho-based pro-
pulsion system i in the scenario j. Mog is the mass of the HFO main en-
gine andMor is the mass of the existing HFO tank. Gy is the gravimetric
energy density of HFO. Mo is the sum mass of other components in the
HFO-ICE system. My, is the mass of the main engine of the Hy-based
propulsion system i. Gpr,, and Gpr, are gravimetric energy densities
(including the tank) of the Hp-based fuel and pilot fuel used in the
propulsion system i. My, is the sum mass of other components in the
propulsion system i.

Finally, the fuel consumption per t-nm is determined based on the
energy demand leaving the fuel margin, ship range and resulting cargo
weight. The emissions with different propulsion systems are detailed in
Table S4 in the SI.

2.2.7. Background data

To avoid the temporal mismatch between foreground and back-
ground data and to reflect the future development in other key sectors,
this study uses prospective LCI background databases. These are derived
from ecoinvent v3.8 database (system model “Allocation, cut-off by
classification™) (IRENA, 2021b) and the REMIND model (Baumstark
et al., 2021), utilizing the open-source Python library premise v1.5.8
(Sacchi et al., 2022). The REMIND model provides global future sce-
narios based on shared socioeconomic pathways (SSPs) and represen-
tative concentration pathways. For the STEPS and NZE scenarios, two
prospective LCI databases are used: SSP2-NDC (~2.5 °C warming by
2100) and SSP1-PkBudg500 (~1.3 °C warming by 2100). These
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databases update electricity inventories to reflect the regional electricity
mix and efficiencies of various technologies, including CCS and photo-
voltaic panels (Lamers et al., 2023).

The Activity Browser (Steubing et al., 2020), an open source LCA
software was used for LCI modeling and LCA calculations. Multiple
foreground scenarios and prospective LCI background databases were
handled by the superstructure approach (Steubing and de Koning,
2021).

2.3. Life cycle impact assessment

To quantify the climate change (kg CO»-eq) impact, based on the
IPCC AR5 characterization factors of global warming potentials with a
time horizon of 100 years (IPCC, 2013), we add characterization factors
for the uptake and release biogenic CO» (-1 and +1 respectively), which
is needed to account for technologies such as bioenergy with CCS, and
Hj (+11), as Hj can act as an indirect greenhouse gas (Warwick et al.,
2022). Additionally, 15 other environmental impact categories are
assessed using the method of Environmental Footprint v3.0 (Fazio et al.,
2018). These categories include acidification (mol H+-eq), ecotoxicity:
freshwater (CTUe), resource use: energy carriers (MJ), eutrophication:
aquatic freshwater (kg P-eq), eutrophication: aquatic marine (kg N-eq),
eutrophication: terrestrial (mol N-eq), human toxicity: cancer effects
(CTUh), human toxicity: non-cancer effects (CTUh), ionizing radiation:
human health (kBq U235), land use (dimensionless), resource use: min-
erals and metals (kg Sb-eq), ozone depletion (kg CFC-11-eq), particulate
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matter (disease incidences), photochemical ozone formation (kg
NMVOC-eq) and water use (kg world eq. deprived).

3. Results and discussion
3.1. Cargo space and weight loss

The cargo space and weight loss caused by using Ha-based propulsion
system use are shown in Fig. 2. Regardless of cargo space or mass loss,
fuel storage remains the primary factor, while the impact of the pro-
pulsion system is negligible. For cargo space loss, the liquid Hy system
results in the greatest cargo space loss due to its lowest volumetric en-
ergy density among the three fuels. In the typical scenario (S-A-N), the
cargo space loss is 10 %. Longer ranges exacerbate this loss, as a larger
fuel storage capacity is required; for instance, doubling the range (sce-
nario R-A-N) can lead to up to 23 % cargo space loss. NH3 and MeOH
have less severe impacts. In the R-A-N scenario, MeOH requires only 4 %
more space compared to the traditional propulsion system. If interim
port calls are possible (scenarios S-A-I and S-L-I), container ships pow-
ered by liquid NHs and MeOH will require smaller tanks than HFO-
powered ships, allowing for 1 % and 2 % more cargo space, respec-
tively. It should be noted that although the cargo space loss is signifi-
cant, unlike the mass constaint, it can be alleviated by placing the tank
on the deck (ABS, 2021, IEA-AMF, 2013). For the cargo weight, alter-
native propulsion systems have adverse effects regardless of the fuel
type. The trend in cargo weight loss by fuel type differs from that of
cargo space loss. The liquid Hy storage system has a higher gravimetric
energy density compared to the liquid NH3 and MeOH. Consequently,
the cargo weight loss with a liquid Hy system ranges from 0.3 % to 14 %
across the S-L-I to R-A-N scenarios. Liquid NH3 and MeOH reduce the
cargo weight by 3-25 % and 1-19 %, respectively, across all scenarios.

The lower speed can reduce the energy demand of one voyage. For a
single trip, lower speed can result in a 1-4 % reduction in cargo space
loss and a 2-4 % reduction in cargo weight loss. In a round trip, lower
speed shows a more significant impact, mitigating cargo space loss by
2-6 % and cargo weight loss by 4-6 %.

3.2. Prospective GHG emissions across Hy-markets

Fig. 3 illustrates the contribution of different processes to the GHG
emissions of ships powered by HFO and Hy-based fuels. Currently, the
case ship powered by HFO emit approximately 18-24 g CO»-eq per t-nm,
and its emissions are expected to remain unchanged in the future. For
Ho-based ships, most of the emissions come from ship operation, Hy
supply, and liquid fuel production, which are correlated with the fuel
and electricity used. Ship construction contributes only a small pro-
portion, although some new equipment, such as cryogenic tanks or
reliquefaction plants, may be required. In 2020, the GHG emissions from
ships powered by Ha-based fuels are approximately 2-3 times higher
than those from HFO ships across different scenarios. This is due to the
significant reliance on fossil fuels in the electricity and Hy production
mix. For Hp and NHj ships, aside from the emissions from Hy supply, the
main contributors to GHG emissions are the liquefaction process and the
Haber-Bosch process, respectively. MeOH production can have negative
GHG emissions due to CO; utilization from direct air capture, but its
combustion releases CO;. In the STEPS scenario, Hy-based fuel pro-
duction benefits from electricity decarbonization, yet the Hy market still
heavily relies on fossil fuels. As a result, it is hard for ships that use Hy-
based fuels to achieve GHG emission reduction compared to HFO-
powered ships.

As electricity becomes increasingly decarbonized and the Hy market
shifts towards water electrolysis in the NZE scenario, the GHG emissions
of Hy-based ships could drop to 6-10 g CO»-eq per t-nm by 2050—35-52
% of those from HFO-powered ships. Even with long ranges, such as
those outlined in the R-A-N scenario, GHG emissions do not show a
significant increase compared to shorter single trips (S-A-N). Reducing
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speed and incorporating interim refueling stops have the potential to
decrease the GHG emissions of Hp-powered ships by up to 26 % and 8 %,
respectively. As a result, a non-stop voyage, paired with a lower speed,
can achieve lower GHG emissions compared to adding an interim port
call, as demonstrated in the S-L-N and S-A-I scenarios. Additionally,
reducing speed can help mitigate the negative impact of cargo weight
loss caused by the Ha-based propulsion system, without increasing the
number of stops or the need for additional infrastructure.

In addition to using Hy from the market, the shipping sector can also
utilize green Hy sourced from newly built renewable capacities to pro-
duce Hj-based fuels. This poses a challenge for the deployment speed of
renewables (IEA, 2024), as it is a highly sought-after commodity by
sectors beyond shipping. Here, we further modeled a 100 % renewable
Hp-based fuel supply to quantify its environmental impacts on container
shipping. We assume that all gaseous H; is produced entirely through
proton exchange membrane electrolysis powered by onshore wind
electricity. Additionally, subsequent processes such as Hj liquefaction,
the Haber-Bosch process, direct air capture and MeOH synthesis are also
assumed to be powered by onshore wind electricity. When liquid
Hoy-based fuels are produced using 100 % onshore wind electricity, GHG
emissions can be reduced by 75-79 %, 76 %82 %, and 69 %-75 % by
2050 in the NZE scenario for liquid Hj, liquid NHs, and MeOH,
respectively. The GHG emissions of Hjy-based ships powered by 100
%-renewable fuels is around 3-7 g COz-eq per t-nm. 100 % renewable
Ho-based fuels can greatly mitigate the climate change impact of the
shipping sector but may not fully achieve its net-zero target.

3.3. Prospective GHG emissions by Hy sources

The S-A-N scenario is further used as an example to illustrate the
GHG emissions of container ships powered by Hs-based fuels derived
from various Hy sources. As shown in Fig. 4, Ha-based fuels sourced from
biomass and water electrolysis exhibit more significant changes over
time compared to those produced directly from fossil fuels.

In 2020, only Hy-based fuels produced via biomass gasification with
CCS offer significant GHG emission reductions compared to HFO.
Although gaseous H; from biomass gasification currently results in very
low emissions, the electricity demand for H; liquefaction and liquid NHs
production leads to only slightly lower emissions for container ships
fueled by liquid Hy and NHj relative to HFO. In contrast, MeOH-ICE can
achieve a 40 % reduction in GHG emissions compared to HFO. By 2050,
Ha-based fuels from biomass gasification can reduce GHG emissions by
75-82 % compared to HFO. Despite this substantial potential, the share
of biomass gasification in overall Hy production is expected to remain
marginal by 2050 (Wei et al., 2024). Concerns over large-scale deploy-
ment of bioenergy with CCS include socio-economic and environmental
impacts due to intensive land, water, and nutrient requirements
(Hanssen et al., 2020, Fujimori et al., 2022). In contrast, container ships
powered by Hj-based fuels from water electrolysis using current grid
electricity emit roughly three times more GHG than those using HFO,
due to the fossil fuel-dominated electricity mix. As the grid electricity
decarbonizes, GHG emissions from liquid Hy-ICE, liquid NH3-ICE, and
MeOH-ICE can decrease to 4-8 g, 3-8 g, and 5-10 g CO5-eq per t-nm by
2050—representing reductions of 65-83 %, 64-86 %, and 57-79 %,
respectively, compared to HFO. Hjy-based fuels produced using solid
oxide electrolysis cells exhibit higher GHG emissions than those from
alkaline and proton exchange membrane electrolysis, primarily due to
the external heat requirements in Hy production.

For Hy-based fuels derived from fossil fuels, with or without CCS,
emissions in 2020 remain higher than those from HFO. However, with
electricity grid decarbonization, fossil-derived Hy with CCS can reduce
GHG emissions by 2050. Specifically, for fuels from coal gasification
with CCS, GHG emissions can be reduced by 22 %, 11 %, and 3 % for
liquid Hy-ICE, liquid NHs-ICE, and MeOH-ICE, respectively. For fuels
from natural gas steam reforming with CCS, reductions reach 39 %, 32
%, and 24 %, respectively, compared to HFO.



S. Wei et al.

(a) S-A-N-2020

GHG emissions (g COz-eq/t-nm)
-60 —-40 -20 0O 20 40 60

80

Resources, Conservation & Recycling 226 (2026) 108671

(b) S-A-N-NZE-2050

GHG emissions (g CO;-eq/t-nm)
100 -60 -40 -20 0O 20 40 60 80 100

CG -

CG CCS -

NG SMR -

NG SMR CCS -
BG -

BG CCS -

AE

PEM -

- SOEC
- CG -
CG CCS -

NG SMR -

NG SMR CCS -
BG -

BG CCS -

AE

PEM 1

SOEC -

CG -

CG CCS -

NG SMR -

NG SMR CCS -
BG -

BG CCS -

AE

PEM -

- SOEC A

| 32
| a2

Lliquid H,

Lliquid NH,

| -

72 g

- s
1 -| 18

1 r| 27

E | 14

| . 5

| 25 [

1 I &

J 'I a

J 'I 8
| 70
g - 21

73

N HFO supply
I Gaseous Hz supply

BN Liquid Hz production
BN Liquid NH3 production

BN MeOH production
N MGO supply

Ship production
I Ship maintenance

B Urea supply
Ship operation

Fig. 4. Prospective GHG emissions of container ships powered by Ha-based fuels from various gaseous H, sources. (a) and (b) show the results for container ships
operating non-stop over 11,000 nm at 20 knots in 2020 and 2050 under the NZE scenario, respectively. In this figure, CG = coal gasification, NG SMR = natural gas
steam reforming, BG = biomass gasification, CCS = carbon capture and storage, AE = alkaline electrolyzers, PEM = proton exchange membrane electrolyzers, and
SOEC = solid oxide electrolysis cells. Negative emissions arise from H; production through biomass gasification combined with carbon capture and storage, and from

CO: captured via direct air capture.

3.4. Trade-offs with other impact categories

The environmental benefits of Hy-based fuels largely depend on the
decarbonization of electricity and the transition in Hy production. As
shown in Fig. 5, Hy-based ships currently offer limited environmental
benefits compared to the HFO ship, due to the fossil fuel dominated
electricity and H markets—except in the case of ozone depletion, where
lower fossil-fuel hydrocarbon emissions during fuel production result in
a relative advantage (Pozzer et al., 2020). Primarily due to lower sulfur
dioxide (SO3) emissions from ships powered by liquid Hy and MeOH,
these ships have a reduced impact on acidification. In contrast, the
higher NOy and NH3 emissions during NH3 production, along with NH3
slip during liquid NHg3 ship operation, result in a higher acidification
impact for liquid NH3 ships compared to the HFO ship. As the electricity
mix shifts towards more renewables by 2050 in the STEPS scenario—-
while the Hy market remains dominated by coal gasification and natural
gas steam reforming without CCS—the reduced share of coal-fired
electricity and associated aluminium emissionsn give Hp-based ships
an edge in ecotoxicity impact (Chen et al., 2024) compared to HFO
ships. Additionally, lower emissions of non-methane volatile organic

compounds create the potential for liquid-H; ships to lessen the impact
on photochemical ozone formation. The significant decarbonization of
electricity and the simultaneous transition of Hy production towards
water electrolysis in the NZE scenario together further enhances these
environmental benefits. The liquid Hy ship shows a slight decrease in
fossil fuel depletion compared to the HFO ship, as fossil fuel-based Hy,
most of which is produced with CCS, still accounts for 39 % of the Hy
market by 2050 in the NZE scenario. In contrast, ships powered by liquid
NHj and MeOH exhibit higher fossil fuel depletion because their energy
densities are lower than that of liquid Hy. As a result, more fuel needs to
be combusted to produce the same power output, even though their
energy requirements per kilogram in the production process are lower
than those of liquid Hs.

While Hy-based ships can achieve deep decarbonization by 2050
under the NZE scenario, there are also concerns that the use of Hy-based
fuels may exacerbate certain environmental impacts compared to HFO-
powered ships. These impacts—such as freshwater eutrophication,
particulate matter formation, terrestrial eutrophication, and marine
eutrophication—show a decreasing trend in their relative magnitude
compared to those of HFO ships, as electricity generation and Hj
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Fig. 5. Environmental tradeoffs of Hy-based ships in different scenarios from 2020 to 2050 in the S-A-N (11,000 nm-20 knots-Nonstop) scenario. The value represents
the ratio of the environmental impact of Hy-based ships to that of the HFO ship. Note the nature of the scale: impact reductions are values in between 0 and 1, while

impact increases are values from >1 to infinity.

production become increasingly decarbonized. For freshwater eutro-
phication, the impact decreases as the share of electricity and Hy sourced
from coal declines, because coal mining generates spoil that requires
treatment and causes associated phosphate emissions to water. How-
ever, large-scale water electrolysis powered by renewable electricity
requires significant amounts of copper, multi-silicon wafers, and steel in
power generation equipment. The production of these materials in-
volves direct and indirect phosphate emissions, which causes Hy-based
ships to retain a higher freshwater eutrophication impact compared to
HFO ships. Although the combustion of Hy-based fuels results in lower
emissions of particulate matter, NOy, and SO, than HFO, emissions from
the production of Hj-based fuels lead to higher overall particulate
matter formation. Replacing coal gasification with water electrolysis for
Hy production alleviates this impact to some extent. Nevertheless, the
production of materials used in solar panels and wind turbines—such as
aluminum, multi-silicon wafers, and steel—also emits particulate mat-
ter, NOy, and SO,. Even when electricity is entirely sourced from
onshore wind, the high electricity demand of Hy-based fuels makes it
difficult for them to have an advantage over HFO ships in terms of
particulate matter formation. It should also be noted that NOy and NH3
emissions can contribute to particulate matter formation (Gu et al.,
2021). The relatively high NOy and NH3 emissions in liquid ammonia
production, along with higher NHj3 slip during ship operation, result in

liquid NHs-powered ships having the highest particulate matter forma-
tion impact among all Hy-based ships. For terrestrial and marine
eutrophication, the impacts during the ship operation phase are similar
between Hj-based and HFO-powered ships, as NOy emissions are the
primary contributor. The overall eutrophication impact is determined
largely by the fuel supply. For liquid Hy and MeOH, electricity use is the
main source of NOy and NH3 emissions. In contrast, the production of
liquid NHj3 involves higher emissions of these pollutants, resulting in the
highest eutrophication impacts among the fuels considered.
Simultaneously, environmental pressures such as mineral and metal
extraction, land and water use, ionising radiation, and human toxicity
are intensifying due to decarbonization efforts in the electricity and Hy
markets. As the deployment of renewables and water electrolysis ex-
pands, the growing demand for rare earth metals needed for solar panels
(e.g., tellurium and indium), wind turbines (e.g., neodymium and
dysprosium), and electrolyzers (e.g., platinum and iridium) (Luderer
etal., 2019, Minke et al., 2021) increases the need for metal and mineral
extraction. The installation of new infrastructure also exacerbates
competition for land use. Additionally, as Hy production increasingly
relies on water electrolysis, the water use impact of Hy-based ships also
rises. Among Hy-based fuels, NH3 has the highest water use impact due
to water evaporation in the cooling tower during the cooling process of
liquid NH3 production. For ionizing radiation, the carbon-14 released
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during the treatment of low-level radioactive waste via plasma torch
incineration in petroleum production contributes to the impact associ-
ated with HFO ships. Similarly, natural gas extraction—used as a feed-
stock for Hy production—also emits carbon-14, akin to petroleum
production. More importantly, the electricity consumption in Hy-based
fuel production significantly increases the ionizing radiation impact of
H,-based ships, as nuclear power contributes through radon-222 emis-
sions from uranium tailings treatment, as well as carbon-14 emissions
from the treatment of both low-level radioactive waste in uranium
production and spent nuclear fuel. As a result, Hy-based ships exhibit a
higher ionizing radiation impact than HFO ships. The extent of water
electrolysis expansion in the Hy market and the reduction in nuclear
power’s share in the electricity mix from 2020 to 2050 affect this impact
differently across scenarios: ionizing radiation decreases in the STEPS
scenario, but increases in the NZE scenario by 2050 compared to 2020.
For human toxicity with cancer effects, despite the production of HFO
produces carcinogens such as benzo(a)pyrene, chromium and chromium
VI, the ship production process is the major contrbuter for this impact
due to low-alloyed and stainless steel use, which also emits above car-
cinogens. For the Hy-based ships, the large use of low-alloyed and
stainless steel induced by liquid Hy and NHj tanks as well as renewable
electricity make the overall impact higher than the HFO ship. MeOH
ship has the highest impact due to formaldehyde emissions during
operation. For human toxicity with non-cancer effects, the fuel pro-
duction and ship operation phases play decisive roles. In the case of the
HFO ship, the impact is mainly attributed to chloride, lead, and mercury
emissions during HFO production, as well as CO emissions during ship
operation. In contrast, the production of Hy-based fuels requires signif-
icant amounts of electricity, which involves large-scale use of copper.
Copper production is associated with emissions of arsenic, arsenic ions,
cadmium, and lead, resulting in the higher impact for Hp-based ships
compared to the HFO ship. Unlike liquid Ho and NHj ships, which have
lower CO emissions than the HFO ship, the MeOH ship emits more CO
during operation, resulting in the highest impact among all ship types.
Furthermore, using 100 % renewable Hy-based fuels can alleviate some
environmental pressures, as onshore wind power has lower impacts in
these categories compared to other grid electricity sources.

It should be noted although potential trade-offs associated with the
use of Ho-based fuels may exist and have been discussed in this study,
climate change remains a more relevant impact category due to the
current contribution of shipping to global emissions. Moreover, most of
the data in this study are focused on GHG emissions. Technological
improvements and waste management strategies to reduce other envi-
ronmental impacts not directly related to climate change were not
considered. Therefore, our findings for other impact categories could
involve both overestimations and underestimations, and should be seen
as areas where potential improvements are needed.

4. Conclusions

In this study, by integrating the design for a typical Post-Panamax
container ship with broader energy scenarios, the life cycle environ-
mental impacts of using Hp-based fuels in internal combustion engines
from 2020 to 2050 are quantified and compared with conventional HFO.
The assessment framework established in this study comprehensively
accounts for the impacts of Hp-based fuel use on cargo capacity changes,
ship operation mode variations, and the decarbonization of electricity
and Hy markets. The results can provide policymakers with a more
comprehensive view of the environmental benefits and risks associated
with decarbonization through Ha-based fuels. The main conclusions are
as follows:

The impact of using Hy-based fuels on ship cargo capacity de-
pends on the ship’s operating mode and fuel choice. For trips
without any interim stops to refuel, using Hy-based fuels for container
ships always requires sacrificing cargo space and weight, regardless of
the fuel choice. This can result in a reduction of up to 10 % in cargo
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space and 12 % in cargo weight on a typical single trip without stop.
Unless freight rates are sufficiently high to compensate for this effect,
ship operations could become uneconomical. Specifically, liquid Hy
ships need to increase freight rates based on cargo volume, while liquid
NH;3; and MeOH ships need to enhance rates based on cargo weight.
When interim refueling is available, liquid NH3 and MeOH ships can
recover some cargo space. When using Hy-based fuels in internal com-
bustion engines to decarbonize container ships, adjusting the operating
mode and selecting appropriate fuel types are necessary to balance
economic benefits.

Hy-based fuels could reduce GHG emissions from container
ships by up to 65 % by 2050 under the NZE scenario, and by >80 %
under a 100 %-renewables scenario. The source of Hy supply is a
crucial factor in determining whether Hp-based ships can effectively
reduce GHG emissions compared to HFO ships. According to current
policies, Hy-based ships cannot reduce GHG emissions by 2050, but
under the NZE scenario with large-scale low-carbon water electrolysis,
they could achieve substantial reductions. Among the options, liquid Ha-
ICE shows the greatest potential for GHG reduction per t-nm. Moreover,
if Hy-based fuels are produced from 100 % renewable electricity (here
analyzed for onshore wind power), GHG emissions could be reduced by
up to 82 %. Lowering ship speeds and incorporating interim refueling
can further reduce GHG emissions, though their impact diminishes as
Hy-based fuels become cleaner. From a long-term perspective, priori-
tizing the decarbonization of Hj supply through water electrolysis over
CCS is crucial for achieving deep decarbonization in shipping.

Hs-based fuels come with other environmental trade-offs
compared to HFO, and these impacts need to be minimized.
Decarbonizing containerships by replacing HFO with Hj-based fuels
consistently reduces environmental impacts such as freshwater ecotox-
icity and ozone depletion. However, Hy-based fuels tend to increase
environmental burdens across most assessed categories, with metal and
mineral use being the most significant due to reliance on renewables and
water electrolysis. For eutrophication, human toxicity with non-cancer
effects, and particulate matter formation, the main contributors are
pollutants associated with the production of copper, aluminium, steel,
and multicrystalline silicon wafers used in renewbale electricity equip-
ment. Human toxicity with cancer effects is further influenced by the
production of alloyed steel in ship production. These impacts should be
mitigated through the development of advanced, efficient, and cost-
effective pollutant removal technologies targeting these key materials.

Overall, achieving deep decarbonization of container ships with Ho-
based fuels in ICEs requires water electrolysis sourced from renewables
to develop faster than in the NZE roadmap, while carefully considering
environmental trade-offs.
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