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Abstract

Maritime decarbonisation pathways are subject to substantial uncertainty arising from volatile fuel markets
and evolving regulatory frameworks. This study develops a stochastic techno-economic framework to evaluate
the lifecycle cost competitiveness of hydrogen-based propulsion systems under combined market and policy
uncertainty. The framework integrates Monte Carlo-based stochastic price uncertainty with scenario-conditioned
policy uncertainty, capturing variability in key cost drivers including CAPEX, fuel price, CO: value, EU ETS,
FuelEU Maritime, and IMO GFI mechanisms. Two hydrogen pathways, namely onboard hydrogen production
using steam methane reforming with carbon capture (HPU) and green hydrogen bunkering (Green H»), are
assessed against a conventional oil-fuelled reference ship (RefShip) over the 2030-2050 period. Results show
that HPU exhibits strong policy sensitivity and becomes increasingly competitive under supportive policy
conditions, whereas Green H> competitiveness remains constrained by hydrogen fuel cost. The median net
lifecycle cost ratio relative to RefShip, R, is in the range 0.24-0.68 for the hydrogen pathways. Excluding
FuelEU Maritime and IMO GFT surplus-credit revenues increases the median gross cost ratio to R = 0.65-0.90
for HPU and approximately R = ~0.8 for Green H>. While HPU retains only a small probability of exceeding
RefShip costs under Conservative and Moderate policy scenarios, this probability becomes negligible under
Optimistic and Policy-Optimal scenarios. Green H», however, maintains probability of being more expensive
than RefShip across all policy scenarios due to the dominant contribution of hydrogen fuel expenditure.
Threshold analysis demonstrates that both pathways remain economically favourable relative to RefShip at EUA

prices below ~100 €/tCO2, hydrogen price below ~$5.8/kg Hz, and CO. offloading costs below ~$300/tCQOx.
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The results demonstrate the importance of stochastic assessment for capturing long-term investment risk and
policy uncertainty, highlighting the value of the proposed framework for risk-informed maritime decarbonisation

planning.

Keywords— maritime, hydrogen propulsion, onboard carbon capture, LNG-fuelled ship, ship decarbonisation, economic, Monte Carlo
risk analysis

AE Auxiliary engine LTWGS Low temperature water gas shift
CAPEX Capital expenditure MC Monte Carlo

CCGT Combined cycle gas turbine ME Main engine

CCS Carbon capture and storage system MEPC Maritime Environment Protection
ClII Carbon Intensity Indicator Committee

CO; Carbon dioxide MGO Marine Gas Oil

D Voyage distance MT Metric tonnes

DWT Deadweight Tonnage N Sample size of Monte Carlo simulation
EU European Union OCCS Onboard carbon capture and storage
EUA EU allowances OPEX Operating cost

EUETS  EU Emissions Trading System P10 10" percentile of simulated results
gBm Geometric Brownian motion P50 Median (50" percentile) simulated results
GFI Greenhouse Gas Fuel Intensity P90 90™ percentile of simulated results
GHG Greenhouse Gas PDF Probability density distributions
GHGIE Greenhouse gas intensity of energy PreCCS Pre-combustion carbon capture

H» Hydrogen PSA Pressure swing adsorption

HPU Hydrogen production unit R Cost ratio

HTWGS High temperature water gas shift SMR Steam methane reformer

IMO International Maritime Organization VLSFO Very Low Sulfur Fuel Oil

LCOH Levelised cost of hydrogen WGS Water gas shift reaction

LNG Liquefied natural gas

Log-OU logarithmic Ornstein—Uhlenbeck



I.INTRODUCTION

To reduce ship emissions, the maritime sector must undergo a rapid transition partly driven by increasingly
stringent decarbonisation regulations. Regulatory frameworks such as the International Maritime
Organization (IMO) greenhouse gas strategy, the European Union Emissions Trading System (EU ETS), and
FuelEU Maritime are significantly reshaping operational and investment decisions across the shipping
industry. In response, a wide range of low-carbon propulsion pathways, including alternative fuels and
onboard carbon capture technologies (OCCS), are being actively explored.

Among these, hydrogen is widely regarded as a promising zero-carbon fuel. However, its practical
deployment in shipping remains constrained by technical and economic challenges [1]. The low volumetric
energy density of hydrogen can reduce cargo capacity for long-voyage vessels [2], while issues such as
leakage and boil-off require advanced storage systems with high capital cost [3]. In addition, green hydrogen
supply chain and bunkering facilities are still under development [4], with high costs associated with
electrolysis and renewable electricity and transportation [5]. Reported historical hydrogen sale prices vary
with time, ranging from $5.5 to $11/kg H» from 2022 to 2026 [6]. The levelised cost of hydrogen (LCOH) is
reported to depend strongly on production pathways and cost of renewable electricity [7] [8]. In comparison,
conventional marine fuels such as VLSFO remain substantially cheaper (< $1000 per MT based on Rotterdam
price indices between 2023 and 2026 [9]), leading to concerns over the economic viability of direct hydrogen
adoption. Additional concerns with hydrogen bunkering involve the high cost of liquefying it and the
potential of leaks, which can negate some of the environmental benefit because hydrogen has significant
greenhouse gas potential if accidentally released [10].

An alternative approach is onboard hydrogen production using fossil-based fuels, typically methane,
combined with carbon capture. Previous studies published in Ref. [11] have demonstrated the thermodynamic
feasibility of onboard natural gas reforming with pre-combustion carbon capture (PreCCS), enabling low-
carbon hydrogen production for ship propulsion. Further integration with combined-cycle gas turbine
(CCGT) systems has been shown to improve overall efficiency [12]. In such configurations, liquefied natural
gas (LNQG) is converted onboard into hydrogen, while CO> is captured as a by-product, thereby reducing
emissions while mitigating hydrogen storage challenges. Despite promising technical reliability level, the
economic viability of onboard hydrogen production-based systems remains dependent on several uncertain
factors including feedstock fuel price volatility, evolving carbon markets, and dynamic regulatory
frameworks, which can introduce considerable uncertainty into long-term investment decisions.

Existing techno-economic analyses have evaluated hydrogen-fuelled vessels and hydrogen transport
systems [13], with some studies incorporating emission penalties to enable comparison with conventional

fuel-oil-based vessels [14]. Policy-oriented research has also highlighted the importance of regulatory



support in accelerating low-carbon ship investments [15]. However, most studies rely on deterministic
assumptions, typically based on fixed fuel prices and static policy conditions.

In many techno-economic studies, the cost parameters such as CAPEX and fuel prices are assumed with a
fixed value [16]. Such assumptions overlook the inherent volatility associated with technological
development, market dynamics, and policy uncertainty, potentially leading to underestimation of financial
risk and misrepresentation of technology competitiveness. To address price variability, several studies have
applied stochastic modelling approaches. For example, Hoejin and Heesung [17] modelled EU allowances
(EUA) prices using geometric Brownian motion (gBm), while fuel prices such as LNG and MGO were
represented using mean-reverting Ornstein-Uhlenbeck processes. Other studies have adopted simplified
projections, such as linear price escalation for EUA and fuels [18]. Monte Carlo simulation has also been
applied to evaluate sensitivity of key economic variables, including discount rates [19], fuel costs, and carbon
prices [20].

In decarbonisation, the cost of carbon and policies such as EU ETS, FuelEU Maritime, and the IMO
Greenhouse Gas Fuel Intensity (GFI) framework introduce further economic complexity through penalties
and surplus credit trading [21]. While penalty rates are prescribed by regulation, the future prices of surplus
compliance credits are expected to be determined by market transactions between compliant and non-
compliant ships and therefore remain highly uncertain [22] [23]. Lloyd’s Register has highlighted that the
transaction of Surplus Units from an over compliant ship to an under compliant ship will be governed by
private contract. Consequently, the Remedial Unit price, such as $380/ton CO2eq under IMO GFI framework
is expected to represent the upper limit for the price of a Surplus Unit [24], although its actual trading price
could be lower. However, these policy variables are usually being treated as fixed inputs and are rarely
modelled as dynamic and uncertain regulatory mechanisms, limiting the ability of current analyses to capture
the combined impact of market and regulatory uncertainty on investment risk. Recent studies have further
shown that surplus credit prices can influence the financial feasibility of low-emission technologies [25] [26],
highlighting the importance of explicitly representing this uncertainty in long-term investment assessment.

To address these gaps, this study develops a stochastic techno-economic framework to evaluate maritime
decarbonisation pathways under combined market and regulatory uncertainty. The framework integrates
time-correlated fuel and carbon price modelling with scenario-conditioned policy pathways within a unified
financial model. A Monte Carlo structure is introduced to represent baseline market uncertainty and policy-
driven variability, recognising that stochastic market evolution alone is insufficient to evaluate policy-driven
cost parameters (such as surplus credits), whose values depend on future regulatory ambition and market
participation and therefore require separate stochastic modelling across alternative policy scenarios. This

enabling a more comprehensive assessment of investment risk and technology competitiveness under



evolving market and regulatory conditions.

The key contributions of this study are as follows:

1. Integrated techno-economic model development: Construct an integrated techno-economic model
for lifecycle cost assessment.

2. Scenario-conditioned Monte Carlo structure: Introduces a novel structure coupling baseline
market uncertainty and scenario-conditioned policy uncertainty for fuel prices, carbon prices, and
regulatory variables.

3. Dynamic policy representation: Models regulatory variables (e.g., EU ETS, CO; value, FuelEU,
GF1I) as stochastic, time-evolving variables.

4. Risk-based economic evaluation: Uses probabilistic metrics (P10, P50, P90, distributions) to

quantify investment risk and economic robustness.

In this study, the framework is demonstrated using hydrogen-fuelled vessel concepts: one employing green
hydrogen bunkering (denoted as Green H») and another identical vessel equipped with hydrogen production
unit (HPU) and carbon capture (denoted as HPU). However, the methodology is generalisable and can
potentially be applied to other ship types and low-carbon fuel pathways, including ammonia, methanol and
biofuels. By providing probabilistic cost distributions and risk-based insights, the framework supports robust
and uncertainty-aware investment decision-making in the maritime sector.

In short, this study proposes a stochastic techno-economic framework that enables risk-informed
investment decision-making under combined market and regulatory uncertainty. By embedding policy-
driven stochastic dynamics within a hierarchical Monte Carlo structure, the framework captures the
propagation of uncertainty into long-term cost outcomes. The remainder of this paper is structured as follows:
Section 2 presents the research methodology, Section 3 discusses results and key findings, and Section 4

provides conclusions and recommendations.

2 .METHODOLOGY

2.1. Research approach

Figure 1 presents the proposed stochastic techno-economic framework for lifecycle cost assessment of low-
carbon ship propulsion pathways under market and regulatory uncertainty. The framework consists of four
main components: (i) ship modelling, (i1) ship-level techno-economic modelling, (ii1) stochastic uncertainty

modelling with Monte Carlo simulation, and (iv) probabilistic techno-economic and risk evaluation model.



First, the reference ship and alternative propulsion configurations are simulated based on a defined ship
route to determine voyage distance, engine performance, fuel consumption and emissions characteristics.
These outputs are subsequently used to estimate the required capacity of onboard hydrogen production units

and associated low-carbon technologies, which influence both CAPEX and OPEX.

Second, a ship-level techno-economic model is developed to calculate annual and cumulative lifecycle
costs. The model incorporates fuel cost, annualised CAPEX, maintenance cost, CO; offloading cost, EU ETS
cost, FuelEU Maritime penalty or surplus, and IMO GFI penalty or surplus. Third, uncertainty is introduced
through a Monte Carlo framework representing stochastic market and policy uncertainty across key cost
drivers. Finally, the stochastic market and policy models are integrated into the techno-economic model to
iteratively simulate the lifecycle cost performance of selected pathways. This enables uncertainty

propagation, comparative assessment, and probabilistic risk assessment across alternative propulsion

configurations.
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Figure 1. Overall stochastic techno-economic assessment framework developed for lifecycle cost and risk evaluation of low-carbon ship
propulsion pathways. The framework integrates ship modelling, techno-economic analysis, a stochastic Monte Carlo framework and risk
assessment model to evaluate lifecycle cost competitiveness under market and policy uncertainty. Iterative simulation loops enable probabilistic
risk assessment across alternative propulsion configurations.



2.2. Ship model

2.2.1 Ship particulars

The reference ship is a 93,000-deadweight tonnage (DWT) vessel fuelled by marine gas oil (MGO),
representing the conventional baseline configuration (denoted as RefShip, Figure 2 (a)). Two alternative low-
carbon propulsion pathways are evaluated against the reference case: (i) direct green hydrogen-bunkering
(Green Hp, Figure 2 (b)) and (ii) onboard hydrogen production using steam methane reforming system
integrated with pre-combustion carbon capture (HPU, Figure 2 (c)). Figure 2 illustrates the conceptual
arrangement in which the green hydrogen storage tanks and the hydrogen production unit are primarily
located in above-deck spaces to minimise the loss of cargo capacity [27] [25]. However, potential cargo-
capacity impacts associated with equipment weight and volume, weight distribution, and ship stability require
detailed assessment and have not been evaluated in the present study.

For the direct hydrogen bunkering case, based on the reported boil-off rate of ~1.063%/day [3], all
hydrogen boil-off gas would be fully utilised onboard upon vaporisation to meet the daily fuel consumption
rate [28], eliminating the need for additional reliquefaction energy. Consequently, the useful propulsion
energy demand is assumed to be equivalent to that of the RefShip case. In terms of lifecycle emission,
according to the Renewable Energy Directive (EU) 2018/2001 (RED II), renewable hydrogen must achieve
at least 70% GHG savings from fossil fuel comparator of 94 gCO,eq/MJ, corresponds to a maximum
emission intensity of 28.2 gCO.eq/MJ. However, the actual emission factor of Green H> can vary with
sources of renewable energy. The National Renewable Energy Laboratory [29] and a literature review
covering 153 lifecycle studies on wind and solar energy [30] reported electricity-generation lifecycle
emissions of up to 218 gCO2/kWh (60.6 gCO2/MJ) for solar and 364.8 gCO2¢¢/kWh (101.3 gCO2./MJ)
for wind energy. Law et al. [31] reported the energy consumed per MJ of green H> produced to be 0.66
including energy demand for electrolyser and compression. Consequently, using electricity source of 50
g2CO02¢¢/kWh could produce green hydrogen of ~23 gCOzeq/MJ, equivalent to ~ 2.8 gCO»/kgH> [32].

For the onboard hydrogen production pathway, LNG is converted into hydrogen onboard using a hydrogen
production unit (HPU) integrated with carbon capture technology. Comparative assessment between
hydrogen production technologies was conducted in Ref. [11] and a steam methane reformer (SMR) due to
its superior energy efficiency is selected for the present study. The performance of an SMR is simulated and
optimised using Aspen HYSYS. Here, the steam to fuel ratio (S/C) is controlled to achieve optimal
conversion and hydrogen production. Waste heat downstream the reformer and Water-Gas Shift (WGS)
reactors is recycled to generate superheated steam. In addition, part of the produced hydrogen is fed back
into the reformer’s furnace to generate heat for the reformer to maximise reduction in the overall greenhouse

gas (GHG) footprint of the system. The simplified process flow diagram and Aspen model of the HPU are
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presented in Appendix A (Figure Al), and the inputs and results obtained from HPU optimisation are
summarised in Appendix A (Table A2, Table A3). The performance of the ship integrated with the Aspen-
designed HPU is assessed based on the approach outlined in Appendix B, and the findings simulated outputs
is summarised in Table 1, the overall energy penalty of HPU is simulated to be ~21% to achieve net CO>
reduction of ~85%. Table 1 also shows the key operational and emission characteristics of the propulsion
pathways investigated in this study.

In terms of propulsion technology, hydrogen-fuelled reciprocating engines are currently at a relatively low
technology readiness level. In contrast, CCGT systems capable of operating on 100% hydrogen or hydrogen-
natural gas blends are already commercially available for power generation [33] [34]. Hence, both Green H»
and HPU pathways considered in this study employ electric propulsion with CCGT-based electricity
production. Although large-scale CCGT plants can achieve higher efficiencies than conventional marine two-
stroke engines, however, a common net efficiency of approximately 50% is adopted in this study considering
the performance of marine-scale hydrogen CCGT[12] [34] [35]. This assumption is consistent with reported
efficiencies of approximately 50% for low-speed two-stroke main engines [36] and 50-51.6% for offshore or
marine CCGT systems [35] [12]. The use of a common representative efficiency also avoids introducing
additional uncertainty associated with future propulsion-system performance and enables a more direct
comparison of fuel and policy effects across the evaluated pathways.

The vessels are assumed to operate on repeated round trips between Corpus Christi and Rotterdam over
the 2030-2050 assessment horizon. Under FuelEU Maritime regulation, voyages between EU/EEA and non-
EU/EEA ports are subjected to 50% attribution of relevant emissions. Accordingly, the remaining 50% of
emissions is assumed to be regulated under the IMO GFI framework for penalty or surplus-credit
calculations.

Voyage distance (D) is estimated using the haversine formula (Equation 1) [37], where R is the Earth
radius, ¢ is latitude in radians, and A is longitude in radians. Based on the port coordinates, the one-way
voyage distance is estimated at ~5,150 nautical miles (nm), corresponding to ~10,300 nm per round trip.

Assuming 10.5 round trips annually, the vessel travels approximately 108,000 nm per year.
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Figure 2. Conceptual propulsion configurations evaluated in this study: (a) reference MGO-fuelled mechanically driven
propulsion system (RefShip); (b) direct green hydrogen bunkering with electric propulsion (Green H3); and (c) onboard
hydrogen production unit (HPU) using steam methane reforming integrated with pre-combustion carbon capture and electric
propulsion. The alternative configurations conceptually utilise above-deck space for hydrogen storage or hydrogen production
equipment to minimise cargo capacity loss; detailed ship-integration feasibility is beyond the scope of the present study.

D = 2Rsin-1 sin2 (@) + cos(¢;) - cos(¢,) - sin? (/12 ;M) (1)

Table 1. Summary of key operational, fuel-consumption, and emission characteristics of the reference oil-fuelled ship (RefShip), Green H,
pathway, and onboard hydrogen production pathway using HPU with carbon capture. The table shows energy demand, fuel consumption,
TTW and WTT emissions, and CO, capture performance for the selected propulsion configuration. The values provided is used as inputs for
the deterministic techno-economic and stochastic lifecycle cost assessment.

Trip number  Reference ship (oil) Green Hz HPU Data source
Fuel for propulsion MGO H, H, (produced onboard) -
Lower heating value 42.7 120 50 (for HPU feedstock) [38]
(Mj/kg)
CO2 emission factor, 3.206 0 2.750 [38]
Crcoz [ gC0:z/gFuel)
CH4 emission factor, Crcns 0.00005 0 0 [38]
(gCH4+/gFuel)
N:0 emission factor, Cgnzo 0.00018 0 0.00011 [38]
(gN:20/gFuel)
TTW (gC0zeq/MJ) 76.2 0 55.6 (for HPU ! Calculated
feedstock)
WTT (gC0Ozeq/M]) 14.4 23.1 18.5 (for HPU [38]
feedstock)
Main engine (ME) | 2-stroke engine 13MW CCGT 16MW CCGT 16MW Assumption,
(2-stroke ME X 2) (CCGT X 2) (CCGT X 2) Figure 2
CAPEX of ME or CCGT 500 + 15% 1200 + 50% 1200 + 50% [39]
($/kW)



CAPEX of HPU ($/kg Hz) - - 0.5 +50% [40]
MGO consumed (ton/y) 19,501 0 23.0 2 Simulated
LNG consumed (ton/y) 0 0 21,174 2 Simulated

HZ2 consumed (ton/y) 0 6,939 0 2 Simulated

Annual energy (M]/y) 832,712,391 832,712,391 1,059,681,786 2 Simulated

CO: emitted (t/y) 62,522 0 9,598 2 Simulated

COzeq emitted (t/y) 63,479 0 10,870 2 Simulated

WTW COzeq emitted (t/y) 75,470 19,202 30,477 2 Simulated

CO: captured (t/y) 0 0 48,814 2 Simulated

ME or CCGT hours 15,389 9,202 8,150 2 Simulated

Maintenance cost ME or | 2.5 % of CAPEX/year 4 % of 4 % of CAPEX/year Assumption
CCGT ($/MWh) [39] CAPEX/year [39] [39]

Cll (gC0Oz/dwt.nm) 6.19 0 0.95 2 Calculated

WTW GFI (gCOzeq/M]) 90.63 23.06 28.8 2 Calculated

Note: 1. The TTW emission factor in the unit of gCO2eq/M1J fuel is estimated by multiplying the TTW emission factors Ct.coz, Ct.cna, and Cenzo
with their 100-year global warming potential (GWP) factor of 1 for CO2, 28 for CH4, and 265 for N20, in accordance with IMO Resolution
MEPC.376(80) [41]. 2. The values were obtained from ship performance simulation, which has been conducted accordingly to the methodology
outlines in Appendix B.

2.3. Techno-economic model

The total annual cost is defined as:

Crotart = Ccarex,t T Cruere T Cmye + Ccozt + Cerse + Cruetgue + Corie (2

Where:

o Ccapex represents the annualised capital expenditure associated with the respective main propulsion
system (e.g., convention two-stroke ME or CCGT), and HPU plant (including the hydrogen
production unit and CO> separation and storage systems).

Cryer 1s fuel-related operating cost

C,n, denotes engine and HPU technology maintenance cost
Cco> 1s captured CO; handling and offloading cost
Cgrs represents EU ETS compliance or EUA cost

Crueipy and Cgpp represent the penalty or surplus-credit contributions associated with FuelEU
Maritime and IMO GFI regulations, respectively.

When surplus credits are included, the resulting annual cost is referred to as the net annual cost. Conversely,
exclusion of surplus-credit revenues yields the gross annual cost, representing the underlying operational

and compliance expenditure without policy-credit benefits.

The cumulative lifecycle cost over the assessment horizon T(2030-2050) is calculated as:

Ctotal,cum = Z Ctotal,t (3)
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2.4. Stochastic modelling framework

Uncertainty modelling is implemented using Monte Carlo framework, as illustrated in Figure 3. In the
upper layer (U), baseline stochastic uncertainty is represented through both market-related variables and

project-cost variables. Market-related variables included in Equation (2), namely Cryer, Ccoz, Cerss Cruetu

and C;p; are simulated to generate monthly price trajectories, which are subsequently aggregated into annual
average price paths over the assessment period. In contrast, CAPEX uncertainty is represented using
technology-specific ranges: £50% for technologies with greater uncertainty associated with their ship-base
application and system integration, such as the HPU and CCGT, and +15% for mature technologies, such as
two-stroke marine engines [42]. CAPEX uncertainty is sampled once per Monte Carlo simulation, and
annualised over the project lifetime, as CAPEX is treated as a fixed project investment rather than a yearly
fluctuating variable. Maintenance cost is represented as a fixed annual fraction of the sampled CAPEX and
is therefore recalculated for each Monte Carlo realisation. Consequently, maintenance cost varies between
Monte Carlo realisations but remains constant throughout the project lifetime within each realisation.
Nevertheless, these parameters are expected to contribute less significantly to the total lifecycle cost
compared with OPEX [40].

Building on the baseline uncertainty generated in the upper layer, the lower layer (L) conditions the policy-
sensitive variables accordingly to alternative regulatory scenario. As shown in Figure 3, policy-sensitive
variables including EUA prices, CO: offloading value or handling cost, FuelEU surplus-credit price, and
IMO GFTI surplus-credit price are adjusted according to four regulatory scenarios: Conservative, Moderate,
Optimistic, and Policy-Optimal.

The stochastic market and policy variables are subsequently integrated into the techno-economic model to
recalculate lifecycle costs for each Monte Carlo realisation and policy scenario. This process generates
probabilistic distributions of both total lifecycle cost and individual cost components. The resulting outputs
are used to evaluate economic risk, and policy sensitivity using P10/P50/P90 statistics, lifecycle cost ratios
(R) relative to the reference ship, and competitiveness threshold analysis under varying fuel-market and
regulatory conditions. These probabilistic outputs provide quantitative insights into pathway
competitiveness, investment risk, and the influence of future policy stringency on maritime decarbonisation
strategies.

In summary, stochastic trajectories for LNG, MGO and EUA prices are generated using historically
calibrated statistical models, while CO> value, FuelEU credits, GFI credits, CAPEX and maintenance
assumptions are represented using literature-derived uncertainty distributions. The resulting annual
trajectories and cost samples are propagated through the techno-economic model for each Monte Carlo
realisation and policy scenario. Outputs from all realisations are subsequently used to construct probability
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density functions, quantify economic risk, evaluate lifecycle cost ratios, and perform threshold analyses for

comparative assessment of the alternative ship architectures.
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Figure 3. Schematic of the Monte Carlo framework for stochastic techno-economic assessment. In the upper layer (U), baseline
stochastic trajectories are generated for fuel prices, EUA prices, FuelEU credit values, GFI credit values, and CO2 value using
historical calibration and literature-derived distributions. Project-cost uncertainty is represented through CAPEX sampled once
per Monte Carlo realization using a triangular distribution (+50% or +15% of the base value depending on technology
maturity), while maintenance cost is calculated as a fixed percentage of CAPEX. In the lower layer (L), baseline trajectories are
conditionally adjusted according to regulatory scenarios, including EUA policy assumptions, CO: value scenarios, and
FuelEU/GFI surplus-credit pathways. The resulting inputs are propagated through the lifecycle financial model to generate
probabilistic cost distributions, competitiveness metrics, and policy insights.

2.4.1 Upper layer: Market uncertainty

The upper layer generates baseline stochastic market price paths. With sufficient historical data, the LNG
and MGO prices are modelled using a logarithmic Ornstein—Uhlenbeck (Log-OU) process. As shown in
Equation (4), the random Brownian motion component (dW;) is introduced to model the stochastic market
fluctuations [43] [44] [45]. In this study, the logarithmic approach is adopted instead of classical OU process

to ensure that the projected price remain positive [46].
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For mature commodities such as LNG and MGO, prices are assumed to fluctuate around the long-run

equilibrium level (X,g4). The X,,, mean-reverting rate (x), and volatility (o) are calibrated from the available

eq»
historical Rotterdam fuel price series obtained from Ship & Bunker [47], these findings are summarised in
Table 2. It is important to note that the calibrated parameters are sensitive towards historical dataset. For
example, the historical period between March and May 2026 reflected temporary fuel-price spikes associated
with abnormal bunker market conditions [48] [49]. Inclusion of the historical data covering this period
introduces upward bias in the estimated long-term equilibrium price and distorts the mean reverting rate and
volatility of LNG and MGO. However, the inclusion is reasonable to reflect realistic bunker-market

conditions and temporary fuel-price disruptions that may occur.

dInX, =1c(lnXeq —InX,)dt + cdW, 4)

The continuous-time process is discretised using the Euler—-Maruyama approximation for monthly
simulations, given as Equation (5). This Log-OU differential equation is used for prediction of LNG and
MGO fuel prices:

InX, =InX,_; + k (InXeq — InX,_,)At + oVAtz, (5)

where X; is the price at time t, X, is the long-run equilibrium level of fuel price, x is the annual mean
reversion speed, At is 1/12 which represents monthly timesteps, o is the volatility calibrated from historical

fuel prices, and z,~N(0,1) is a random number drawn from a standard normal distribution [50].

EUA prices are represented using a log-trend stochastic model. The EUA price is modelled differently
assuming that is designed to increase over time to encourage the adoption of carbon reduction measures.
Hence, EUA is model using a drift-based stochastic process:

dIn X, = pdt + adW, (6)

where drift (@) and volatility (o) are included. In addition, floor and cap constraints (Xpoor and Xcap) are

included to reflect the long-term policy-driven trend in carbon prices while preventing unrealistic values. The

EUA’s Xfoor and X, are set at €50 and €250 per ton of CO2eq [51], respectively.
Xﬂoor < Xt < Xcap (7)

For alternative fuels without sufficiently long historical price series, such as green hydrogen in this study,
annual price paths are generated using triangular distributions (X in, Xmoder Xmax) With optional drift (¢) and

volatility (o). Triangular distribution is adopted because it provides a transparent representation of
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uncertainty when empirical data are limited. In contrast, the PERT distribution assumes a smoother
probability distribution with greater weight around the most-likely value [52], while Beta distribution
requires additional assumptions regarding the underlying distribution shape that cannot be robustly justified
with the current available data [53]. For future study, the same principle could potentially be applied for
renewable ammonia, renewable methanol, and biofuel. The X, in, Xmoder ANd X1max are represented by the
minimum, average and maximum prices for the alternative fuels. The data are obtained from the literature,
as summarised in

Table 2.

Xo ~ Triangular(Xmin, Xmoder Xmax) ®)

Xt = Xi—1€Xp [(IJ—%GZ) +azt] )

where z; is a random number drawn from a standard normal distribution (mean 0, standard deviation 1), and

the volatility (o) provides the magnitude of considered volatility. The exponential formulation ensures strictly
positive fuel prices, while the variance correction term (— % 0?) prevents upward bias in the projected prices.

In addition to alternative fuel prices, Equation 8 is also used to model uncertainty in the value of captured
COz (denoted as Ccoz). Since long-term historical market data for CO> offloading are limited, annual CO>
cost paths are also generated using bounded triangular distributions. Two regimes are considered: a disposal-
only regime, where captured CO» represents a positive cost to the shipowner, and a CO> market regime,
where captured CO2 may have neutral or negative net cost due to potential utilisation or credit value [54].
Negative values therefore indicate revenue. The initial annual value is sampled from the relevant triangular
distribution and subsequently evolved over time using a stochastic escalation factor with drift and volatility.

The method of modelling and the assumptions applied for the key parameters in uncertainty modelling is
summarised in

Table 2. All cost parameters including LNG, MGO, green Hz, CO: offload value, and EUA price paths are
simulated with sample sizes (N) ranging from N = 1,000 to N = 6,000. A convergence assessment is then
performed by comparing the estimated cumulative lifecycle cost distributions in order to determine an

appropriate sample size for this study.

Table 2. The upper layer stochastic input parameters. Parameters k (mean reversion rate), Xeq (long-run equilibrium price), and o (volatility)
for LNG and MGO were calibrated from historical prices. For EUA, drift (u) and volatility (o) were calibrated from historical log-price
changes, and bounded by a floor (Xf100r) and cap (X¢qp). For variables without sufficiently long historical price series, bounded triangular
distributions (Xmin, Xinoder Xmax) with annual drift and volatility were used.

Variable Model Data / basis Key parameters used to model uncertainty
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LNG price | Log-OU Historical Rotterdam . 1
X, = latest LNG price; At = —
($/MT) LNG prices [55] 12
Calibrated parameters:
Xeq =$772/MT; k = 3.23y"" [46]; 0 = 0.346
MGO price | Log-OU Historical Rotterdam X, = latest MGO price; At = %
($/MT) MGO prices [55]
Calibrated parameters:
Xeq =$892/MT; k = 1.12y""; 0 = 0.384
2 EUA price | Log-trend + Historical EUA X, = latest EUA price; u = 0.05; 0 = 1.18 is calibrated from
($/0) floor/cap prices historical price; X¢jqor = 50 €/4CO2 [56]; Xcap = 250 €/tCO2 [51]
3 Captured Two-regime Literature / assumed  Disposal regime when CO;, market is not enabled:

CO, value ($/t

triangular +

ranges

Xunin =75 [571, Xomode = 150 [57], X, = 200 USD/tCO: [58];

€0) escalation 4 Market regime if CO, market is enabled:
Xinin =35 [54], Xinode = 0, Xmax = 35 USDACO;
u =0.00; 0 = 0.05;
5FuelEU | Triangular + Literature / assumed  Xpnin = 191.7, Xnode = 383.4, Xiax = 575.1 EUR/unit;
surplus price | stochastic ranges u=0.03;0 =0.08;
(€/t CO;) | escalation Xfioor = 100; Xcap = 639 EUR/unit [38]
51mo GrF1 | Triangular + Literature / assumed  Xpin = 114, Xjnode = 228, Ximax = 342 USD/unit;
surplus price stochastic ranges u=0.03;0 =0.08,;
(€/tco,) | Scalation Xitoor = 100; Xoap = 380 USD/unit [24]
Green H, | Triangular + Literature ranges Ximin = 2000 [59], X;node = 5000 [6], ! X, 0x = 8000 USD/t ;
price ($/t) | stochastic u=—-0.02;0 = 0.05;
escalation ' Xfi0or = 1500 USD/t [59]

Note: 1. The upper bound (X,,,,) for green hydrogen price is fixed at 8,000 $/ton, as prices beyond this level render the considered pathways
economically uncompetitive. The lower bound (Xfoor) for green hydrogen price is set at $1,500/ton based on the green hydrogen production cost
reported by The International Council on Clean Transportation [60]. 2. The EUA floor price (Xfo0r) is assumed to be 50 €/tCO2 based on
historical EUA prices over the past five years, during which EUA prices have consistently remained above 50 €/tCO2 since May 2021 [56]. The
EUA cap (Xcap) price is assumed to be 250 €/tCOz, based on projections indicating EUA prices may reach approximately 200 €/tCO2 by 2035
[51]. Therefore, for the assessment period of 2035-2050, an upper bound of 250 €/tCOz: is considered reasonable. 3. According to a report
published by the Global CCS Institute in 2025, the cost of CO: storage varies depending on storage location and operating conditions, ranging
from 5 to 147 USD/tCO2 [57]. Accordingly, the X}, and X0qe disposal costs are assumed to be 75 and 150 USD/tCOz, respectively. A higher
bound (Xp,ax) of 200 USD/tCO:sz is adopted based on forecasts suggesting that CO: storage in the North Sea may become more expensive than
previously expected [58]. 4. The potential market value of captured CO: is also considered in the assessment. 5. The upper limit of surplus-credit
price is assumed to be equal to the corresponding penalty price under the most optimistic (Policy-Optimal) scenarios. This assumption agrees
with Lloyd’s Register [24] who highlighted that the transfer of surplus units is governed by private contracts, with the maximum price capped at
$380/ton CO2eq (the same as a Remedial Unit), though trades typically occur at a lower rate. Hence, the low, modal, and high surplus-credit
prices are assumed to be lower and range between approximately 30%, 60% and 90% of the penalty rate.

2.4.2 Lower layer: Scenario-conditioned policy uncertainty

The lower layer introduces policy uncertainty conditioned on four regulatory scenarios: Conservative,
Moderate, Optimistic, and Policy-Optimal. These scenarios represent impact of different levels of regulatory

stringency on policy-sensitive cost components. CAPEX and maintenance costs are assumed to be
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independent of regulatory stringency and are therefore not scenario conditioned. Similarly, fuel prices are
not projected under policy uncertainty because historical analysis as shown in Figure 4 indicates only a weak
relationship between fuel and carbon prices. From Figure 4, the correlation between MGO and EUA prices
is weak (Pearson r = 0.16), while LNG prices exhibit virtually no correlation with EUA prices (Pearson r =
—0.01). Hence, only policy-sensitive variables including EUA price, CO- value, FuelEU surplus credits, and
IMO GFT surplus credits are adjusted in this layer.

Table 3 summarises the scenario-specific assumptions applied to the policy-sensitive parameters. For EUA

prices, scenario-conditioned annual price paths are derived from the upper layer baseline using Equation 10:

1 (10)
Pt(S) — Ptt,)f;g% ~ag(t) - exp (as(t)Zt - 505(02)

where PSSE% is the median (P50) EUA price generated in the upper layer, o, is a scenario-dependent scaling

factor applied to the baseline trajectory, o4(t) is a scenario-dependent uncertainty parameter controlling the
dispersion of simulated prices, and the z; ~ N'(0,1) is a random number drawn from a standard normal
distribution [50]. Under the Conservative scenario, the baseline EUA trajectory is adjusted downward
through lower values of a; and lower uncertainty range (o). Moving from Conservative to Policy-Optimal
scenarios, the EUA trajectory is progressively shifted upward through higher scaling factors («;), while larger
values of ¢ are used to reflect the increasing uncertainty associated with long-term carbon-market evolution.
For the captured CO; value, scenario conditioning is implemented through regime selection (cost regime,
market regime). As shown in Table 3, Conservative scenarios assume persistently high CO; offloading costs,
while Optimistic scenarios assume lower offloading costs. In the Policy-Optimal scenario, a CO, market
regime is activated, whereby captured CO2 may be sold to generate revenue. Consequently, the captured CO:
cost transitions from a disposal cost to a potential revenue stream within the techno-economic assessment.
For FuelEU Maritime and IMO GFI surplus-credit prices, Conservative scenarios emphasise lower surplus-
credit values, while Optimistic and Policy-Optimal scenarios shift surplus credit towards higher surplus, with
the Policy-Optimal assumed a surplus value approaching regulatory penalty levels (Cap regime), representing

stronger incentives for low-carbon compliance.

Table 3. The lower layer scenario-conditioned policy parameters. The EUA scaling factor (X g) adjusts the upper layer median

EUA trajectory, while the uncertainty parameter (Og) controls the dispersion of simulated prices around the adjusted trajectory.
The relative magnitudes shown (low to very high) represent increasing policy ambition and carbon-market stringency from
Conservative to Policy-Optimal scenarios. The Captured CO;, FuelEU Maritime surplus credits, and IMO GFI surplus credits
are represented using regime-based assumptions reflecting alternative policy and market conditions.
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Scenario EUA multiplier EUA uncertainty Captured CO, value FuelEU surplus GFI surplus
a(t) a.(t) credit credit
Conservative Low Low High-cost regime Low regime Low regime
Moderate Moderate Moderate Moderate-cost regime Moderate regime  Moderate regime
Optimistic ‘ High High Low-cost regime High regime High regime
Policy-Optimal ‘ Very high Very high CO: market regime Cap regime Cap regime
MGO vs EUA LNG vs EUA
Pearsonr = 0.16 Pearson r = -0.01
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Figure 4. Historical relationship between fuel prices and EUA carbon prices based on monthly market data. The analysis indicates a weak
positive correlation between MGO and EUA prices (Pearson r=0.16) and between LNG and EUA prices (Pearson r=-0.01). These results
suggest that fuel-price dynamics are largely independent of carbon-price movements and therefore are modelled separately from policy-
conditioned uncertainty scenarios.

In summary, the lower layer does not introduce new stochastic processes but modifies the distributions of
policy-sensitive variables generated in upper layer to reflect each regulatory scenario. By integrating both
models, policy-sensitive cost variables are represented as scenario-dependent probabilistic distributions, as
illustrated in Figure 5. Clear scenario separation is observed for EUA prices, captured CO> prices, FuelEU
surplus-credit prices, and IMO GFI surplus-credit prices. The Conservative scenario consistently produces
the lowest EUA and surplus-credit values, reflecting weaker regulatory stringency and lower economic
incentives for overcompliance. The scenario supports conventional propulsion with fossil fuels. In contrast,
the Policy-Optimal scenario generates substantially higher surplus-credit valuations, indicating stronger
regulatory support for low-carbon pathways. The FuelEU and GFI surplus-credit distributions exhibit
comparatively wider spreads due to the bounded stochastic distributions and uncertainty associated with
future credit-market behaviour and policy implementation.

The captured CO> value demonstrates the largest scenario differentiation, ranging from positive disposal
costs under the Conservative scenario to negative values (—€50/ton CO>) under the Policy-Optimal scenario.
Negative CO; value represents market conditions in which captured carbon generates economic revenue

through utilisation or market-based mechanisms. Overall, these policy-driven uncertainties directly propagate
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into lifecycle cost calculations, influencing both the magnitude and variability of pathway competitiveness

under long-term regulatory conditions.

Conservative == Optimistic =-==-- Mean
Moderate =#— Policy-Optimal === Median (P50)
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Figure 5. Probability density functions (PDFs) of annual policy variables in 2030 under different policy scenarios. Distributions are shown for
EUA price, CO; value, FuelEU surplus credit, and GFI surplus credit, with mean and median indicators (Sample size of simulation, N =
3,500).

2.4.3 Layers integration and output metrics

The stochastic market and policy variables generated in the previous steps are integrated into the ship-level
financial model (Equation 2) on an annual basis. For each Monte Carlo simulation i, year ¢, and policy
scenario s, the corresponding fuel price, EUA price, CO; offloading cost, FuelEU surplus price, and GFI
surplus price are passed into the financial model. The model subsequently recalculates all annual cost
components and the cumulative lifecycle cost (Equation 3) for each simulation realisation and policy
scenario. CAPEX uncertainty is also introduced which is randomly sampled within £50% or +15% of the
baseline CAPEX depending on technology maturity. Consequently, the maintenance cost of the engine which

is assumed equal to 2.5 — 4% of total CAPEX are also affected.

The annual total cost for each realisation is expressed as:
its _ i it vits vits vits it,s (11)
Ctotal - f(XCAPEX 'Xfuel 'XEUA , XC02 ’ XFuelEU ’XGFI
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which can be decomposed as:

its _ i it it it,s its
Crotal = Ccapex T Crier + Cmy + Ccg, + Cers +C

its
FuelEU

+ C,

(12)

where i denotes the number of simulations, t denotes the year, and s denotes the policy scenario.

For each simulation, the cumulative lifecycle cost over the assessment period is obtained as:

is __
Cc'um -

t1

it,s
E Ctotal

t=t0

(13)

The cumulative cost distributions are then evaluated using percentile-based indicators, including P10, P50,

and P90, for both total lifecycle cost and individual cost components.

To check statistical convergence of the results, the sensitivity to the number of samples is quantified. As

shown in Figure 6, the RefShip and HPU pathways exhibit comparatively more stable convergence behaviour

than the Green H». The Green H> pathway only achieves relative absolute error below 1% for P10, P50, and

P90 estimates at sample size of approximately N=3,500. Therefore, all stochastic variables are simulated

over 3,500 realisations.

—e— RefShip (oil) —h—

—a— HPU-ATR

RefShip (oil)

Green H2 — P50
P10 --- P90

HPU-ATR
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Figure 6. Monte Carlo convergence assessment based on percentile (P10/P50/P90) stability of cumulative lifecycle cost distributions. The

2.4.4 Comparison metrics

dotted line indicates the 1% convergence threshold.

To compare the economic performance of each low-carbon pathway against the reference ship, a

cumulative lifecycle cost ratio is defined as:

RS —

(i.5)
CCase
(is)

CRefShip
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where R < 1 indicates that the low-carbon configuration is economically favourable as compared to the

reference ship.

The probability that a pathway is cheaper than the reference ship is evaluated as:
1 &
— O] @
Pos =3 2 1 (€2 < G0 ) X 100 (15)
i=1

where:
e N is the total number of Monte Carlo simulations,

e ](+) is an indicator function equal to 1 when the pathway cost is lower than the reference ship for the

same Monte Carlo realisation, and 0 otherwise.

To analyse the performance when surplus-credit revenues are not available, an additional gross lifecycle
cost metric is introduced. Unlike the net lifecycle cost, the gross lifecycle cost excludes FuelEU and IMO
GFI surplus-credit revenues and therefore reflects the underlying physical and operational cost structure of

each pathway.

The gross lifecycle cost is defined as (modified from Equation 2):

Cgross = Cfuel + CCAPEX + Cmaintenance + CEUETS + CFuelEU penalty + CGFI penalty + CCOZ offload (16)

The corresponding gross lifecycle cost ratio is then expressed as:

_ _Corosscase (17)

R gross — C
gross,RefShip

where:

* Ry < lindicates intrinsic techno-economic competitiveness relative to the reference ship,

*  Rgos > lindicates higher underlying cost before policy-credit revenues are considered.

Similarly, the probability of gross-cost competitiveness is evaluated as:

15 @ @ (49
i l
Pgross = Nz I ( Cgross,pathway < Cgross,RefShip) X100

i=1
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This formulation (Equation 15, Equation 18) enables separation between intrinsic techno-economic

competitiveness and policy-enhanced competitiveness arising from surplus-credit mechanisms.

2.4.5 Threshold sensitivity analysis

By using the cumulative lifecycle cost ratio (R(**)) obtained from Equation (14), a threshold analysis was
performed to identify the market and policy conditions under which each pathway becomes cost-competitive
with the reference vessel. For the R%) obtained from each simulation realisation simulation i, year ¢, and
policy scenario s, grouping is carried out according to the realised value of a single stochastic cost parameter
(also referred to as driver) of interest, including EUA price, FuelEU surplus price, GFI surplus price, green
hydrogen price and CO; offloading cost (X255, X55s -, XLbS X ,i,’g’sfuel, X éf);)

The time-averaged realised value of that selected drivers over the evaluation window (2030 — 2050) is

computed for each simulation realisation and then grouped into quantile bins according to this averaged

value. Within each bin, the median (P50) and 10th—90th percentile band (P10-P90) are evaluated. As the

R(S) s computed from realisations in which all stochastic cost parameters vary jointly, grouping by one

driver does not fix the others: each bin retains the values the remaining cost parameters took in their respective

joint realisation. The resulting P10—P90 band therefore reflects both the sensitivity of R(S) to the binned
driver and the residual variability contributed by the co-varying cost parameters within that bin.

The value of the binned driver at which the median curve crosses unity (R = 1 or RefShip = 1) indicates
the approximate threshold at which the pathway becomes cost-competitive with the reference vessel on a

median basis, consistent with the competitiveness criterion R < 1 established in Equation (14).
3.RESULTS AND DISCUSSION

3.1. Deterministic baseline results (reference case)

Figure 7 shows the key cost breakdown of the reference ship over the 2030 — 2050 assessment period using
representative deterministic values for all cost components (calibrated Xeq of MGO: $892/t, calibrated Xeq of
LNG: $772/t, Xmode of Green Ha: $5/kg, CO» offloading: $125/tCO,, EUA: €150/tCO2, Xmin for both FuelEU
and IMO GFTI surplus credit: credited at 30% of the penalty price for instance, $191.7/ton FuelEU surplus
and $114/ton GFI surplus). For reference ship (RefShip), the total annual net cost (Ciotal) is projected to
increase significantly from ~$26 million to ~$60 million in 2050, when emission penalties (EUA, FuelEU
and GFI) were included. The CAPEX and maintenance contribute only a minor share of the total lifecycle
cost compared to fuel and regulatory penalties. Overall, policy-related penalties contribute more than 50%

of the cumulative lifecycle cost over the assessment period, corresponding to ~$445 million. The remaining
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cost is primarily attributed to fuel expenditure (~$365 million) and engine-related CAPEX and maintenance
(~$26 million).

In contrast, hydrogen-based propulsion pathways substantially reduce emissions-related penalties. As
shown in Figure 8, the results demonstrate a strong divergence in cost structure between the two hydrogen
supply pathways under the Conservative scenario.

For the HPU pathway (Figure 8(a)), the cost structure remains relatively diversified. Although fuel remains
a major contributor, substantial cost contributions also arise from CO- offloading, CAPEX, maintenance, and
policy-related costs including EU ETS and FuelEU penalties. This reflects the presence of residual emissions
associated with upstream (well-to-tank) emissions and incomplete carbon capture, which continue to expose
the pathway to carbon-pricing mechanisms. Carbon-related costs contribute approximately 26% of Ciotal,
including 18.6% for captured CO; offloading. Consequently, the HPU pathway exhibits multi-dimensional
cost exposure, particularly to policy stringency and carbon management economics. Nevertheless, the
pathway is also capable of generating surplus credits under FuelEU Maritime and IMO GFI through
overcompliance with emissions targets.

In contrast, the Green H: pathway (Figure 8(b)) exhibits a significantly more fuel-dominated cost structure
of fuel cost over the long-term assessment horizon. Fuel expenditure accounts for approximately 85% of total
gross lifecycle cost (~$730 million out of ~$850 million), while CAPEX, maintenance, and policy-related
costs contribute only marginally. As a zero tank-to-wake (TTW) emission pathway, Green H» incurs minimal
emissions penalties and eliminates the need for onboard CO: capture and offloading. This effectively
decouples the pathway from carbon-pricing exposure. However, the economic performance of Green H>
becomes highly dependent on hydrogen fuel price, which is assumed at $5/kg in this study. These results
highlight the importance of hydrogen price reduction and fuel-market sensitivity analysis for large-scale

adoption of green-fuel propulsion systems.
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Figure 7. Deterministic projection of the total annual lifecycle cost (Crota) for reference ship fuelled with MGO (RefShip) between 2030-2050.

Component share — HPU, Conservative (2030-2050)
Net total = $577.9M

Positive cost share Credit / offset share
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Component share — Green H:z, Conservative (2030-2050)
Net total = $748.1M
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| 4
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Figure 8. Deterministic projection of the cumulative cost (2030-2050) for all cost component under the conservative policy scenario for two
hydrogen pathways. (a) Onboard hydrogen production via HPU system, and (b) Green hydrogen supply case, where the hydrogen price is
assumed to be $5/kg. Surplus-credit revenues under Fuel EU Maritime and IMO GFI are estimated based on conservative assumptions with
CO: surplus credited at 30% of the penalty price.

Next, Figure 9 presents the cumulative lifecycle cost breakdown for all propulsion pathways under four
deterministic policy scenarios. Each scenario assumes a different level of regulatory support through
variations in surplus-credit valuation. The surplus credits for FuelEU and IMO GFT are valued at 30%, 60%,
90% and 100% of the corresponding penalty price under the Conservative, Moderate, Optimistic, and Policy-
Optimal scenarios, respectively. For all deterministic scenarios, the EUA price and CO; offloading value are
held constant at €150/tCO: and $125/tCO., respectively.

As shown in Figure 9 , as the surplus-credit valuation increases from Conservative to Policy-Optimal
scenarios, the economic benefit obtained from FuelEU Maritime and IMO GFI overcompliance also increases
substantially. Consequently, the net cumulative lifecycle cost of the hydrogen pathways decreases
progressively under more supportive regulatory conditions, improving their relative competitiveness against
the conventional reference ship. These results indicate that policy design can significantly reshape the
economic attractiveness of maritime decarbonisation pathways by shifting lifecycle cost structures from fuel-
dominated expenditure toward regulatory and incentive-driven mechanisms.

The analysis presented in Figure 9 is based on deterministic policy assumptions with predefined surplus-
credit values. In practice, both market variables (e.g., fuel prices) and policy-related parameters (e.g., carbon
prices and surplus-credit valuation) are subject to market and policy fluctuations. To capture the interaction
between market and regulatory uncertainty, the following section introduces the results from the Monte

Carlo framework for probabilistic lifecycle cost assessment.
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Figure 9. Deterministic projection of the cumulative lifecycle cost breakdown (2030-2050) for the reference ship (RefShip), onboard hydrogen
production (HPU), and green hydrogen (Green Hz) pathways under different policy scenarios (conservative, moderate, optimistic, and policy-
Optimal). Surplus-credit values are assumed to be 30%, 60%, 90%, and 100% of the corresponding penalty value, respectively. Costs are
disaggregated into major components including CAPEX, fuel, maintenance, EU ETS, CO, offloading, FuelEU penalties, and GFI
contributions, while negative values represent policy-driven credits (FuelEU and GFI surplus). EUA price and CO: offloading value are fixed
at €150/tCO:z and $125/tCO: across all scenarios.

3.2. Monte Carlo results: lifecycle cost uncertainty

This section presents the probabilistic lifecycle cost assessment obtained using the Monte Carlo framework.
The analysis first examines uncertainty propagation across individual lifecycle cost components, followed

by probabilistic assessment of total lifecycle cost and pathway competitiveness.

3.2.1 Cost component uncertainty analysis

Figure 10 presents the decomposition of cumulative lifecycle cost into key components for each propulsion
pathway, including uncertainty ranges derived from Monte Carlo simulations (P10-P90). For the
conventional RefShip pathway, fuel cost and emission penalties both are the dominant contributors. The fuel
cost exhibits relatively narrow uncertainty bands, reflecting the comparatively stable fuel price behaviour
calibrated from historical market data. Policy penalties including FuelEU Maritime and IMO GFI are
primarily governed by regulatory penalties, leaving EUA price as the main policy-sensitive contributor.

In contrast, the HPU exhibits a more distributed cost structure, with notable contributions from LNG fuel

cost, CO; offloading, and policy-related components, alongside substantial negative contributions from
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FuelEU Maritime and IMO GFI surplus credits. The comparatively wider uncertainty ranges associated with
these components indicate stronger sensitivity to both market and policy conditions.

The green H> configuration is strongly dominated by fuel expenditure, which contributes the majority of
the total lifecycle cost. Due to the possibility of technology improvement, there is wider uncertainty bands
for fuel price. Hence, hydrogen price uncertainty is the primary driver of overall lifecycle cost variability.
Policy-related costs play a comparatively secondary role, mainly affecting lifecycle cost through surplus-
credit mechanisms.

Overall, the results demonstrate that fuel-price uncertainty dominates lifecycle cost variability across all
pathways, while policy-sensitive components introduce additional uncertainty and potential cost reduction

opportunities for low-carbon configurations.
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Figure 10. Decomposition of cumulative lifecycle cost by component with uncertainty ranges (P10—P90) over the 2030-2050
assessment period. Bars represent the median (P50) cumulative cost contribution of each component, while error bars indicate
the P10-P90 uncertainty range obtained from Monte Carlo simulations (N=3,500) under all policy scenarios, illustrating the
variability of key lifecycle cost contributors across alternative propulsion pathways.

3.2.2 Probability distribution of cumulative lifecycle cost (Ceotar cum)
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The propagation of uncertainty from both market dynamics and policy variables into total net lifecycle cost
(Crotalnet) 1s assessed in Figure 11. The figure presents the probability density distributions of cumulative

lifecycle cost over the 20302050 period for different propulsion pathways under four policy scenarios.

Among all configurations, the probability density of the RefShip is narrower and centres at higher
cumulative lifecycle cost region across most policy scenarios, indicating comparatively stable economic
performance at high cumulative cost. The HPU has wider PDFs, but shifted to lower cumulative costs, mostly
due to the benefits associated with monetising carbon surpluses. Green H> exhibits the broadest uncertainty
spread across all policy scenarios. This is primarily because the lifecycle cost is dominated by hydrogen fuel
expenditure, while policy-related mechanisms act mainly as secondary modifiers through surplus-credit
revenues. Consequently, the assumed future hydrogen price between $2-$8/kgH> drives the total cumulative
lifecycle cost distribution over a wide range. As a result, the economic competitiveness of Green H, remains
strongly dependent on future reductions in hydrogen production, transportation, and bunkering cost.

Under the Policy-Optimal scenario, where captured CO; is assumed to possess positive market value and
where green hydrogen is assumed to be cost competitive at ~$2kg/H», the cumulative lifecycle cost for the
hydrogen pathways decreases substantially, reaching median values as low as ~$200 - $400 million over the
20-year assessment period. This result indicates that low-carbon pathways may achieve strong economic
competitiveness under favourable fuel-pricing and carbon-utilisation conditions. However, the long-term
monetisation of captured CO: remains subject to regulatory acceptance and verification requirements
associated with permanent carbon removal. The long-term alternative fuel prices are driven by the availability
of renewable electricity and continued technology advancement.

Overall, the probabilistic results demonstrate that policy uncertainty plays a critical role in shaping
decarbonisation competitiveness, while different propulsion pathways exhibit fundamentally different
uncertainty and risk profiles. The results further highlight the importance of probabilistic modelling, given
that a deterministic scenario analysis alone cannot adequately capture the full range of possible lifecycle cost

outcomes and investment risks.
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Figure 11. Probability density distributions of cumulative lifecycle cost (2030-2050) across policy scenarios and propulsion pathways with
vertical dashed lines indicate the median cumulative cost (P50). Results are obtained using the Monte Carlo framework, capturing combined
uncertainty from stochastic market dynamics (Upper layer) and scenario-conditioned policy uncertainty (Lower layer). Each subplot represents
a policy scenario, illustrating the propagation of uncertainty into lifecycle cost variability.

Figure 12 presents the probability density distribution of the cumulative lifecycle cost ratio relative to the
RefShip baseline under different policy scenarios, when both the hydrogen pathway and the reference ship
are evaluated using the same realisation of stochastic fuel prices and policy-sensitive variables. In both
hydrogen pathways, the distributions remain below the competitiveness threshold (R = 1), indicating that
both hydrogen pathways are economically favourable relative to the conventional reference ship across most
Monte Carlo realisations.

The HPU cost ratio distributions shift substantially leftward with increasing policy ambition from median
value (P50) of 0.68 for Conservative scenario to 0.24 for Policy-Optimal scenario, indicating strong
sensitivity to carbon pricing and surplus-credit mechanisms. The component breakdown in Figure 13 shows
that this reduction is driven primarily by the growing magnitude of FuelEU and GFI surplus credits under
Policy-Optimal scenarios, which offset a large share of HPU's gross cost and reduce its net median lifecycle

cost to $202.0M, compared with $864.3M for RefShip. The reduction in lifecycle cost ratio under more
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supportive policy scenarios demonstrates the strong influence of regulatory incentives and carbon-
management economics on the competitiveness of OCCS pathways.

In contrast, the Green H> pathway demonstrates a comparatively weaker response to policy strengthening.
Although the distributions also shift leftward with increasing policy ambition, the reduction in median
lifecycle cost ratio is comparatively smaller, decreasing from approximately R = 0.63 under the
Conservative scenario to approximately R = 0.42 under the Policy-Optimal scenario. The probability

distributions also remain relatively broad, indicating continued sensitivity to hydrogen fuel-price uncertainty.
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Figure 12. Probability density distributions of cumulative lifecycle cost ratios relative to the RefShip baseline for (a) HPU and
(b) Green H: pathways under different policy scenarios over the 2030—2050 period. Vertical dashed lines indicate the median
lifecycle cost ratio (P50) for each scenario, while the solid black line at R=1 represents cost parity with the conventional
reference ship. Values below R=1 indicate economic competitiveness relative to the RefShip baseline.
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Figure 13. Median (P50) cumulative cost breakdown by component for the RefShip, HPU, and Green H; pathways under
different policy scenarios (conservative, moderate, optimistic, and policy-Optimal) over the 2030-2050 period. Costs are
disaggregated into major components including CAPEX, fuel, maintenance, EU ETS, CO: offloading, FuelEU penalties, and
GFI contributions, while negative values represent policy-driven credits (FuelEU and GFI surplus).

3.3. Risk-based cost competitiveness comparison

Figure 14 presents the probability that the alternative pathways achieve lower cumulative lifecycle cost
than the RefShip baseline over the 2030-2050 assessment period under different policy scenarios. The results
in Figure 14(a) indicate that when surplus-credit revenues are included, both hydrogen pathways demonstrate
strong economic competitiveness relative to the conventional reference ship, with >96% probability to result
in a lower lifecycle cost than RefShip. Between both pathways, HPU consistently exhibits a slightly higher
probability of achieving lower lifecycle cost than Green H> across all policy scenarios.

However, exclusion of FuelEU Maritime and IMO GFI surplus-credit revenues substantially reduces the
competitiveness probability of both pathways. As shown in Figure 14(b), HPU maintains a comparatively
high probability of lower gross lifecycle cost across all policy scenarios, increasing from 96% under the
Conservative scenario to 100% under the Policy-Optimal scenario. This indicates that the onboard hydrogen
production pathway remains economically favourable even without direct monetisation of surplus credits,
reflecting relatively strong intrinsic competitiveness arising from lower emissions exposure.

In contrast, Green H» exhibits gross competitiveness probabilities between 78 to 85% across all scenarios,

indicating an approximately 20% probability that the pathway would become more expensive than RefShip
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once surplus-credit revenues are excluded. Although the pathway achieves near-zero Tank-to-Wake

emissions, its competitiveness remains constrained by the uncertain cost of green hydrogen supply.
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Figure 14. Risk-based cost competitiveness of HPU and Green H, pathways relative to the RefShip baseline over the 2030-2050 assessment
period under different policy scenarios: (a) net lifecycle cost competitiveness including surplus-credit revenues, and (b) gross lifecycle cost
competitiveness excluding FuelEU Maritime and IMO GFI surplus-credit revenues.

Figure 15 and Figure 16 present the gross lifecycle cost ratio of the alternative pathways relative to RefShip,
excluding FuelEU Maritime and IMO GFI surplus-credit revenues.
As shown in Figure 15 and Figure 16 (a), the median gross lifecycle cost ratio for the HPU pathway

decreases from approximately 0.90 under Conservative scenario to approximately 0.65 under the Policy-
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Optimal scenario. This indicates that the HPU which scored a progressively lower gross cost ratio becomes
more economically attractive relative to the RefShip under increasingly supportive regulatory conditions.
While a small probability remains that HPU could be more expensive than the RefShip under the
Conservative and Moderate scenarios (As shown in Figure 16 (a)), this probability becomes negligible under
the Optimistic and Policy-Optimal scenarios. Furthermore, the uncertainty range narrows under more
supportive policy scenarios, suggesting improved robustness of economic performance.

In contrast, Figure 15 and Figure 16 (b) show that the Green H» configuration maintains median gross
lifecycle cost ratios at round R=0.8 across all policy scenarios. Although stronger policy support slightly
reduces the gross cost ratio, the improvement remains modest because lifecycle costs are dominated by
hydrogen fuel expenditure. The distribution under all scenarios continues to extend beyond R = 1, indicating
a non-negligible probability that the Green H, pathway may remain more expensive than the RefShip. The
policy strengthening reduces the gross cost ratio marginally, the improvement remains limited due to the
dominant contribution of hydrogen fuel expenditure. The broader distribution of gross cost ratio further

highlights the persistent sensitivity of the Green H» pathway to long-term hydrogen price uncertainty.
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Figure 15. Gross lifecycle cost ratio of HPU and Green H: relative to RefShip, excluding FuelEU Maritime and IMO GFI

surplus-credit revenues. Bars represent the median gross lifecycle cost ratio (P50), while error bars indicate the P10—P90

uncertainty range obtained from Monte Carlo simulations. Values below unity indicate lower gross lifecycle cost than the
RefShip baseline.
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Figure 16. Probability density distributions of cumulative gross lifecycle cost ratios relative to the RefShip baseline for (a) HPU
and (b) Green H: pathways under different policy scenarios over the 2030—2050 period, excluding FuelEU Maritime and IMO
GF1I surplus-credit revenues. Vertical dashed lines indicate the median lifecycle cost ratio (P50) for each scenario, while the
solid black line at R=1 represents cost parity with the conventional reference ship. Values below R=1 indicate economic
competitiveness relative to the RefShip baseline.

Next, the threshold sensitivity analysis further highlights the different competitiveness drivers governing
the two hydrogen pathways. Both pathways remain economically favourable relative to RefShip even under
comparatively low EUA prices (~100 €/tCO), while competitiveness improves rapidly under increasingly
stringent carbon-pricing conditions. Similarly, both hydrogen pathways maintain lifecycle cost ratios below
unity even under relatively conservative (low) FuelEU Maritime and IMO GFI surplus-credit assumptions,
indicating comparatively strong resilience even under a relatively weak policy-support conditions, as shown
in Figure 17 (b)-(c).

Comparatively, Green H, shows higher lifecycle cost uncertainty, reflected by the wider green shaded
P10/P90 band and P90 ranges approaching the unity threshold, as shown in Figure 17 (a)-(c). In contrast,
HPU demonstrates a steeper median trend with relatively narrower uncertainty bands, indicating the more
stable economic performance of HPU while remaining more responsive to carbon-pricing and surplus-credit

mechanisms.
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The competitiveness of Green H: is primarily constrained by hydrogen fuel cost (Figure 17(d)). The
pathway remains economically favourable relative to RefShip only when hydrogen price remains below
~$5.8/kg Ho. This suggests that large-scale deployment of Green H» propulsion is strongly dependent on
substantial reductions in hydrogen production, transportation, and bunkering cost, together with continued
support from emissions penalty and surplus-credit mechanisms.

In contrast, HPU demonstrates substantially stronger intrinsic economic performance across the
investigated policy ranges. Although increasing CO: offloading cost gradually weakens HPU
competitiveness (Figure 17 (e)), the pathway remains economically favourable across a broad range of CO»
handling costs, suggesting relatively robust economic resilience of CCS-integrated propulsion systems under
future carbon-management requirements. Extrapolation of the median trend further suggests that HPU may

approach cost parity with RefShip when CO; offloading costs exceed ~$300/tCO».
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Figure 17. The figure illustrates the sensitivity of lifecycle cost competitiveness to key variables. Simulations are grouped according to the
realised value of the variable shown on the x-axis, while all other uncertain variables continue to vary according to their respective stochastic
processes. Solid lines represent the median lifecycle cost ratio relative to RefShip, while shaded regions indicate the P10—P90 uncertainty
range. Values below unity (RefShip = 1) indicate that the alternative pathway is economically favourable relative to RefShip.

The preceding analyses evaluate cost competitiveness under the base regulatory allocation case, in which
a 50:50 non-overlapping allocation between FuelEU Maritime and IMO GFI is assumed for the semi-EU
voyage. To assess the robustness of the findings to alternative regulatory exposure conditions, the analysis is

extended to six regulatory allocation cases representing different combinations of FuelEU Maritime and IMO
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GFI coverage for semi-EU, intra-EU, and non-EU voyage conditions, as summarised in Table 4. Figure 18
compares the gross lifecycle cost ratios of the HPU and Green H» pathways relative to RefShip across these
cases under the four policy scenarios (Conservative, Moderate, Optimistic, and Policy-Optimal).

The results show that regulatory coverage materially influences pathway competitiveness, with the absence
of both FuelEU Maritime and IMO GFI (Case 5) resulting in lifecycle cost ratios above unity and
substantially weakening the economic case for both low-emission pathways. Comparatively, HPU exhibits
greater sensitivity to regulatory allocation, as reflected by the larger variation in median cost ratios across the
cases, whereas Green H> shows wider P10-P90 ranges, indicating greater overall economic uncertainty,

primarily associated with hydrogen fuel-price variability.

Table 4. Regulatory allocation cases used to evaluate the sensitivity of the selected propulsion pathways to alternative regulatory exposure
conditions. The allocation represents the percentage of energy use subject to penalties or rewards under EU ETS, FuelEU Maritime, and IMO
GFI. The EU ETS allocation follows the corresponding FuelEU Maritime allocation.

Regulatory allocation case Voyage type FuelEU IMO GFI
Base case Semi-EU Include 50% Include 50%
Case 1 Semi-EU Include 50% Include 0%
Case 2 Intra-EU Include 100% Include 0%
Case 3 Intra-EU Include 100% Include 100%
Case 4 | Non-EU voyage Include 0% Include 100%
Case 5 | Non-EU voyage Include 0% Include 0%

Gross Cost Ratio (P10-P50-P90): HPU/RefShip

Regulatory allocation case
Base case
Casel

Case 2

Case 3

Case 4

Case 5

1.75 A

1.501

1.25 A1

Gross cost ratio (HPU / RefShip)

nseNat‘Ne Mcdeta‘le Op‘-,‘m\st'\c

co

(a)

36



Gross Cost Ratio (P1L0-P50-P90): Green H:/RefShip

Regulatory allocation case
I Base case

2.0 I Casel

B Case 2

B Case 3

I Case 4

B Case 5

1.5

1.0

Gross cost ratio (Green Hz / RefShip)

0.0 -

we e L aistiC yna
Conser\'am poder?™ o= ?O\.\O‘.Opt\\’\"a

(b)

Figure 18. Sensitivity of gross lifecycle cost ratios to alternative regulatory allocation cases for (a) HPU/RefShip and (b) Green
H>/RefShip under the Conservative, Moderate, Optimistic, and Policy-Optimal scenarios. Six regulatory allocation cases
representing different combinations of FuelEU Maritime and IMO GFI exposure for semi-EU, intra-EU, and non-EU voyage
conditions are evaluated. Bars represent the median (P50) lifecycle cost ratio, while error bars indicate the P10—-P90
uncertainty range. The horizontal line at a cost ratio of unity represents cost parity with RefShip; values below unity indicate

economic competitiveness relative to RefShip.

3.4. Discussion on policy and design insights

The results demonstrate that the economic viability of low-carbon maritime propulsion systems cannot be
evaluated solely through deterministic lifecycle cost estimates (Section 3.1), as competitiveness is highly
dependent on the interaction between fuel-market uncertainty and evolving policy mechanisms. In addition,
the analysis in this paper demonstrates that policy is a key mechanism to make the low-carbon pathways
economically attractive. The comparison between HPU and Green H, pathways reveals two fundamentally
different decarbonisation strategies with distinct economic risk structures.

The HPU pathway benefits from a diversified cost structure, where lifecycle cost is distributed across fuel,
captured CO2 management, and policy-linked mechanisms. Although this pathway remains exposed to CO-
offloading cost and residual emissions penalties, it also gains substantial economic advantages under
stringent regulatory environments through FuelEU and IMO GFI surplus-credit mechanisms. The Monte
Carlo results indicate that stronger policy ambition progressively shifts the HPU cost distributions toward
significantly lower lifecycle cost ratios relative to RefShip. This suggests that carbon pricing and
overcompliance-credit trading can substantially improve the financial attractiveness of onboard hydrogen
production integrated with carbon capture. In particular, the threshold analysis shows that the
competitiveness of HPU strengthens rapidly with increasing EUA price and surplus-credit value, indicating

that the pathway is highly policy-sensitive and policy-enhanced. The threshold analysis also concluded that
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the HPU stays competitive to RefShip when CO» offloading cost does not exceed $300/tCO,. However, the
strong competitiveness observed under favourable policy scenarios is conditional on the assumed
monetisation of FuelEU and IMO GFI surplus credits, whose future trading values, market development, and
regulatory interaction remain uncertain.

In contrast, the Green H» pathway is less sensitive towards policy strengthening because its lifecycle cost
remains overwhelmingly dominated by hydrogen fuel expenditure. Consequently, the economic performance
of Green H> is governed primarily by future hydrogen supply cost and only secondarily by regulatory
incentives. Even under Optimistic and Policy-Optimal scenarios, the reduction in lifecycle cost ratio remains
less pronounced than that observed for HPU. The threshold analysis further confirms that Green H2 becomes
economically favourable relative to RefShip only when hydrogen price remains below ~$5.8/kg, highlighting
the critical importance of large-scale low-cost hydrogen production, transportation, and bunkering
infrastructure.

The comparison between net and gross lifecycle cost metrics provides additional insight into the role of
policy-support mechanisms. When surplus-credit revenues are included, both hydrogen pathways appear
economically attractive relative to RefShip, particularly under supportive policy conditions. However,
exclusion of FuelEU Maritime and IMO GFI surplus-credit revenues through the gross lifecycle cost analysis
substantially reduces the economic performance of Green H>. The median gross lifecycle cost ratio remains
approximately R = 0.8 across all investigated scenarios, while the upper tail of the distribution extends
beyond unity, indicating a non-negligible probability that Green H> may remain more expensive than the
RefShip under all policy scenarios. In contrast, the economic performance of the HPU pathway improves
significantly with increasing policy support. The median gross lifecycle cost ratio decreases from
approximately R = 0.90 under the Conservative scenario to R = 0.68 under the Policy-Optimal scenario.
Furthermore, the regulatory-allocation sensitivity analysis (Figure 18) reinforces these contrasting risk
profiles showing that HPU exhibits greater sensitivity to changes in regulatory coverage, whereas Green H»
exhibits wider P10-P90 uncertainty ranges, reflecting its stronger exposure to hydrogen-price uncertainty.

The probabilistic framework further demonstrates the importance of uncertainty propagation in long-term
maritime investment assessment. Deterministic scenario analysis alone would not capture the wide
distribution of possible outcomes observed in the Monte Carlo simulation. In several cases, the upper-bound
(P90) gross cost ratios exceed unity despite favourable median values, implying that investors may still face
significant downside financial risk under adverse market conditions. This is particularly relevant for Green
H> pathways, where hydrogen fuel-price volatility dominates overall lifecycle cost uncertainty.

Overall, the findings suggest that future maritime decarbonisation competitiveness will likely be governed

by two parallel transitions:
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e the development of stringent carbon-pricing and overcompliance-credit systems that reward low-
emission operations, and

o the large-scale availability of affordable low-carbon fuels, particularly green hydrogen.

Under supportive policy conditions and high carbon prices, HPU integrated with carbon capture appears
capable of achieving substantial economic advantages relative to conventional oil-fuelled shipping.
Meanwhile, Green H» offers a lower-emission and lower-policy-risk pathway, but its widespread adoption
remains strongly constrained by availability of renewable resources and fuel production cost. These findings
indicate that future policy frameworks should not only penalise emissions but also accelerate the reduction
in low-carbon fuel cost through infrastructure development, supply-chain scaling, and market-support

mechanisms.

4.CONCLUSIONS

This study developed a stochastic techno-economic framework to evaluate the lifecycle cost
competitiveness of low-carbon maritime propulsion pathways under combined market and policy uncertainty.
By integrating Monte Carlo-based fuel-market uncertainty with scenario-conditioned policy pathways, the
framework enables probabilistic assessment of lifecycle cost, competitiveness risk, and policy sensitivity for

hydrogen-based decarbonisation options.

The results show that both hydrogen pathways can achieve economic competitiveness relative to the
conventional MGO-fuelled reference ship under favourable regulatory conditions, although the drivers of
competitiveness differ substantially. The HPU route exhibits strong sensitivity to carbon pricing and surplus-
credit mechanisms while retaining comparatively robust economic performance across most investigated
scenarios. In contrast, Green H> competitiveness remains fundamentally constrained by hydrogen fuel cost
and depends more strongly on continued policy support and future reductions in hydrogen supply cost. The
probabilistic analysis further demonstrates that policy incentives can substantially alter competitiveness
outcomes, while uncertainty in fuel and policy conditions remains a major contributor to long-term

investment risk.

Overall, the proposed framework provides a scalable approach for integrating price uncertainty, policy
dynamics, and lifecycle economics into maritime decarbonisation assessment. The methodology can support
future policy evaluation, investment decision-making, and comparative assessment of emerging low-carbon
propulsion technologies under evolving regulatory environments. Future work should extend the framework
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through incorporation of discounted cash flow analysis for net present value (NPV) evaluation, integration
of fuel and EUA index modelling, utilisation of longer-term historical market datasets (if available), inclusion
of additional lifecycle cost components, and evaluation of coupled interactions between market, policy, and
technology parameters to further improve robustness of long-term maritime decarbonisation assessment.
Beyond the pathways examined in this study, the framework can potentially be extended to evaluate other
alternative fuels, energy-efficiency technologies, and applied to other vessels with different voyage routes

and operational profiles.
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Appendix A: Aspen simulation of hydrogen production unit (HPU) model used to produce renewable hydrogen onboard.
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Figure Al. (a) Simplified Aspen HYSYS process flow diagram and (b) Aspen HYSYS model of the onboard hydrogen production unit based on
steam methane reforming (HPU). Methane fuel is assumed stored onboard at -162 °C at atmospheric pressure. The methane is compressed to 25
bars before entering the reforming system. The compressed methane is preheated and subsequently converted through steam reforming (SMR),
followed by high-temperature and low-temperature water—gas shift reactions (HTWGS and LTWGS). The produced synthesis gas is purified
using pressure swing adsorption (PSA) to obtain high-purity hydrogen, while the by-product CO2 is compressed and liquefied using an
external refrigeration cycle for onboard storage and offshore discharge. Potential cold-energy recovery from the cryogenic methane stream and
CO: liquefaction process may further improve overall system efficiency. However, cold-energy integration is not considered in the present
study. The integrated system also includes hydrogen compression prior to utilisation in the onboard combined cycle gas turbine (CCGT) power
system.
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Table A2. Key inputs for the onboard hydrogen production unit based on steam methane reforming (HPU). The process simulation and
optimisation were conducted using Aspen HYSYS.

Input parameter Normalised value Sources
Feedstock LNG (assumed 100% methane), -162°C, 1 bar Literature [61]
Seawater condition 25°C, 1 bar Assumption
Production process & condition 1. LNG vaporisation & compression (to 25 bar) Aspen simulated
2. Steam methane reforming
3. HT water gas shift (500°C)
4. LT water gas shift (165°C)
5. Hp purification and compression using PSA
6. CO; compression and liquefaction (-20°C, 20 bar)
Steam to fuel ratio ~3.163 Aspen optimised [11]
Furnace fuel source Hydrogen product Aspen optimised
Product H, (also known as reformate), CO» Aspen simulated

Table A3. Key optimised process parameters for the onboard hydrogen production unit based on steam methane reforming (HPU). The process
simulation and optimisation were conducted using Aspen HYSYS for three different feedstock composition including methane (CHa), liquefied
natural gas (LNG), and boil-off gas (BOG).

Simulated parameter Case 1 (CH4) Case 2 (LNG)  Case 3 (BOG) Sources
Feedstock composition (mole %) CHa4: 100% CHa4: 95.7% CH4: 91.8% Assumption
N2: 0.4% Na: 8.2%
CyHe: 3.2%
C;3Hs: 0.6%
C4H102 0.1%
LNG consumption (kgLNG/kgH:) 2.33 2.31 2.27 Aspen simulated
Water consumption (kgH:0/kgH:) 8.28 7.87 7.32 Aspen simulated
Electricity demand (kWhe/kgHz) 0.88 0.86 0.76 Aspen simulated
Included electricity consumers 1. NG compression: ~30 kWhe/tLNG (Aspen)
CO, compression and liquefaction: ~130 kWhe/tCO,
(Aspen) Aspen simulated

3. Auxiliary pumps: ~20 kWhe/tLNG (Aspen)
4. H> product compression (if required)

CO: captured rate (kgCOz/kgHz) 5.86 4.99 Aspen simulated
Reformate lower heating value 93,900 90,850 77,060 Aspen simulated
(ki/kg)
Reformate composition (mole %) CHa: 0.20% CHa4: 0.22% CH4: 0.17%
Ha: 97.80% Ha: 97.45% Hz: 95.91%
CO: 1.60% CO: 1.84% CO: 1.33% Aspen simulated
CO»: 0.23% CO,: 0.23% CO,: 0.23%
H»0: 0.17% H,0: 0.17% H,0: 0.17%
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Appendix B: Ship performance simulation for reference ship (RefShip) and ship integrated with hydrogen production unit (HPU)
model

In the ship performance simulation, a typical ship operational profile with assumption on the percentage of time spent at different
operational modes (laden, ballast, loading, unloading, drifting, and idling) and sailing speeds was used. With this, the propulsion
system was operated to meet the power demand of the ship at different speeds. The engine loads and operational hour of CCGT or
2-stroke engine and the auxiliary engines were summed.

From the power demand, the hourly total energy consumed was obtained. Based on this information, the total amount of fuel
consumed (ton/year), total CO,, CO,eq and WTW CO,eq emissions (ton/year), and the total CO, captured by the HPU model were
calculated. By using this calculated output, the Carbon Intensity Indicator (CII) and Greenhouse Gas Fuel Intensity (GFI) values
were calculated by using the formula provided by the European Council and IMO, Equations (19 — 22). CII is estimated by dividing
the Tank-to-Wake (TTW) emissions with deadweight and distance travelled, Eq. (19). For GFI, it is estimated as the sum of the
TTW and WTT emissions in the unit of gCO.eq/MJ, Equation (22), where the WTT emissions factor is obtained from Table 1 and
TTW emission factor is calculated from Equation (20 — 21).

Cll = TTW €0,(gC02) 19
" deadweight (tons) x distance travelled (nm) (19)

TTW CO5.4(gC02eq) = (GWPcoz X Crcop + GWPchy X Cropa + GWPY20 X Cryz0) (20)
CO2e XTTW CO CO2e
rrw 250284, _ 2¢4(9C02eq) o)
M]J Mypyer X LHV
gC02eq gCO gC02eq
GFI = GHGwrw( MJ ) = GHGyrr C—+—— ) + GHGrrw (77— MJ (22)

With the estimated CII and GFI values, the FuelEU Maritiem and IMO GFI penalties and surplus were calculated. The FuelEU
penalty was calculated by using Equation (23), as given in the official journal of the European Union 2023/1805. The values 41,000
and 2,400 in the equation are the equivalent LHV of one metric ton of VLSFO, and the amount paid in EUR per equivalent metric
ton of VLSFO. The percentage of taxable Ef. is considered as 50% for voyages between EU and non-EU ports, and 100% for
voyages between two EU ports.

|Compliance Balance]| o y 1.0849 USD
GHGIE 1y X 41000 EUR

Fuel EU Penalty, FUEP ($) = X % taxable M] (23)

During Marine Environment Protection Committee (MEPC) 83 in 2025, the IMO has also introduced a system to penalise
emissions exceeding the GFI compliance targets. Two annual GFI targets are defined: the Base Target (GFlgase) and the Direct
Compliance Target (GFIpirect compliance). The difference between the Direct Compliance Target and the Base Target is the Tier 1
Compliance Deficit, penalised at $100/ton CO-eq; and the difference between Base target and attained annual GFI is known as
Tier 2 Compliance Deficit (or Compliance Surplus), penalised at $380 /ton CO,eq. Tier 2 deficits can also be balanced using
surplus units banked from previous years or transferred between ships within the same year. Eqs. (24) and (25) are used to
determine the level of remediation required for negative compliance, by multiplying the difference in the GFI targets and attained
values with the taxable % of energy consumed Er. and the rate of penalties.

. $100
Tier 1 Penalty $ = (GFIDirect Compliance ~— GFIBase) X Efuel X— (24)
ton CO,
. $380
Tier 2 Penalty ($) = (GFlggse — GFlgtrqinea) X Efuer X —l co, (25)
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  𝜇


  𝜎


    X min ,   X  mode ,   a n d     X max


    X 0 ∼ Triangular (   X min ,   X  mode ,   X max )


    X  t =   X  t − 1 exp ⁡  [   (  𝜇 −   1 2   𝜎 2 ) +  𝜎   z  t ]


    z  t


  𝜎


  −  1 2   𝜎 2


  𝜅


    X  e q


  𝜎


  𝜇 )


  𝜎 )


    X  f l o o r


    X  c a p


    X  m i n ,   X  mode ,   X  m a x


    X 0 =


  ∆ t =  1 12


    X  e q


  𝜅 = 3 . 23   y  − 1


  𝜎 = 0 . 346


    X 0 =


  ∆ t =  1 12


    X  e q


  𝜅 = 1 . 12   y  − 1


  𝜎 = 0 . 384


    X 0 =


  𝜇 = 0 . 05


  𝜎 = 1 . 18


    X  f l o o r


    X cap


    X  min  


    X  mode


    X  max


    X  min  


    X  mode


    X  max


  𝜇 = 0 . 00


  𝜎 = 0 . 05


    X  min  


    X  mode  


    X  max


  𝜇 = 0 . 03


  𝜎 = 0 . 08


    X floor


    X cap


    X  min  


    X  mode  


    X  max


  𝜇 = 0 . 03


  𝜎 = 0 . 08


    X floor


    X cap


    X  min  


    X  mode


    X  max


  𝜇 = − 0 . 02


  𝜎 = 0 . 05


    X floor


    X  max


    X  f l o o r


    X cap


    X low


    X mode


    X max


  r = 0 . 16


  r = − 0 . 01


    P  t   ( s ) =   P  t , P 50 base ⋅   𝛼  s ( t ) ⋅ exp ⁡  (   𝜎  s ( t )   z  t −  1 2   𝜎  s ( t  ) 2 )


    P  t , P 50 base


    𝛼  s


    𝜎  s ( t )


    z  t ∼ 𝒩 ( 0 , 1 )


    𝛼  s


    𝜎  s


    𝛼  s


    𝛼  s


    𝜎  s


    𝜶  𝒔 ( 𝒕 )


    𝝈  𝒔 ( 𝒕 )


    C  total  i , t , s =  ∫  (   X CAPEX  i   ,   X  fuel  i , t   ,     X  EUA  i , t , s   ,     X    CO 2  i , t , s   ,   X  FuelEU  i , t , s   ,   X  GFI  i , t , s )


    C total  i , t , s =   C CAPEX  i +   C fuel  i , t +   C m  i , t +   C  C  O 2  i , t , s +   C ETS  i , t , s +   C FuelEU  i , t , s +   C GFI  i , t , s


  i


  t


  s


    C cum  i , s =   ∑  t =   t 0    t 1    C total  i , t , s


    R  ( i , s ) =     C Case  ( i , s )    C RefShip  ( i , s )


  R < 1


    P  p , s =  1  N   ∑  i = 1  N  I  (    C  p , s   ( i ) <    C  RefShip , s   ( i ) ) × 100


  I ( ⋅ )


    C  gross =   C  fuel +   C  CAPEX +   C  maintenance +   C  EUETS +   C  FuelEU penalty +   C  GFI penalty +   C  CO2 offload


    R  gross =     C  gross,Case    C  gross,RefShip


    R  gross < 1


    R  gross > 1


    P  gross =  1  N   ∑  i = 1  N  I  (    C  gross,pathway   ( i ) <    C  gross,RefShip   ( i ) ) × 100


    R  ( i , s )


    R  ( i , s )


    X  E U A  i , t , s


    X  F u e l E U  i , t , s


    X  G F I  i , t , s


    X  H 2   f u e l  i , t , s


    X  C   O 2  i , t , s


    R   (  i ,  s )


    R   (  i ,  s )


  R = 1


  R < 1


    C  t o t a l , c u m


   (  R = 1 )


  R = 0 . 63


  R = 0 . 42


  C I I =   T T W     C O 2 ( g C O 2 )  d e a d w e i g h t   ( t o n s ) × d i s t a n c e   t r a v e l l e d   ( n m )


  T T W     C O  2 e q ( g C O 2 e q ) = (  GWP  CO 2 ×   C  f , C O 2 +  GWP  CH 4 ×   C  f , C H 4 +  GWP  N 2 O ×   C  f , N 2 O )


  T T W   (   g C O 2 e q  M J ) =   (   T T W     C O  2 e q ( g C O 2 e q )    m  f u e l × L H V


  G F I =   G H G  W T W   (   g C O 2 e q  M J ) =   G H G  W T T (   g C O 2 e q  M J )   +   G H G  T T W (   g C O 2 e q  M J )  


  F u e l   E U   P e n a l t y , F U E P    ( $ ) =    | C o m p l i a n c e   B a l a n c e |    G H G I E  a c t u a l × 41000 × 2400 ×   1 . 0849   U S D  E U R × %   t a x a b l e   M J


  T i e r   1   P e n a l t y    ( $ ) =  (   G F I  D i r e c t   C o m p l i a n c e −     G F I  B a s e ) ×   E  f u e l ×   $ 100  t o n     C O 2


  T i e r   2   P e n a l t y    ( $ ) =  (   G F I  B a s e −     G F I  a t t a i n e d ) ×   E  f u e l ×   $ 380  t o n     C O 2

