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Climate-driven Arctic ice melt is opening the Arctic Sea Route (ASR), providing

shorter paths for global trade while also raising critical environmental con-
cerns. Here, we quantify the long-term carbon consequences of ASR access
using a trade-integrated shipping emissions projection (TISEP) model that

integrates trade scenarios, vessel routing, and climate policy pathways. Our
results indicate that ASR use will increase global shipping emissions by 8.2% by
2100, with Arctic emissions rising from 0.22% to 2.72%. At the same time,
environmental disparities in exposure to emissions will increase since North-
east Asia, Northern Europe, and North America will experience particularly
large increases in emissions due to rerouted shipping flows. We evaluate three
mitigation strategies and find that two ongoing strategies, the 2023 IMO
Strategy on Reduction of GHG Emissions from Ships and the Green Corridor
strategy, are insufficient to achieve emission targets in the Arctic, but a net-
zero strategy featuring stricter fuel standards and regionally phased rollout

could fully eliminate ASR-related emissions. These findings highlight the
urgent need for more prospective actions to reduce shipping emissions,
protect the Arctic environment, and advance global environmental justice as
Arctic navigability increases.

The Arctic is among the most climate-sensitive regions on Earth,
with the retreat of sea ice accelerating as global temperatures rise'”.
As this transformation continues, previously inaccessible Arctic
passages—including the Northeast Passage, the Central Arctic Route,
and the Northwest Passage—are becoming viable for commercial
navigation®*. Collectively referred to here as the Arctic Sea Route
(ASR), this emerging corridor can reduce the distance of voyages
between Europe and Northeast Asia by as much as 40% and shorten
transit times by as much as 30%>¢. By 2030, access to the ASR is
projected to increase trade volumes between these regions by 5% to
10%”® because of lower per-voyage fuel costs and improved network
efficiency. These developments point to a gradual but significant
shift in global maritime connectivity, with Arctic routes becoming

increasingly integrated into the evolving network of international
shipping.

However, the environmental implications of expanded Arctic
shipping remain a significant concern, particularly regarding long-
term emissions trajectories and the spatial redistribution of carbon
burdens’ . International shipping already accounts for nearly 3% of
global anthropogenic CO, emissions™". Although ASR access may
reduce the amount of emissions per voyage through shorter routes,
the overall climate benefit would be offset by the projected increases
in total traffic, especially from carbon-intensive vessel classes such as
oil, gas, and chemical tankers®™", which pose significant risks to eco-
logically vulnerable Arctic regions'®?°, The increases in total traffic will
also create challenges to achieving the decarbonization targets set by
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the International Maritime Organization (IMO) to reduce total annual
greenhouse gas (GHG) emissions by at least 20% relative to 2008 levels
by 2030, at least 70% by 2040, and reach net-zero emissions by around
20507, For the Arctic especially, the IMO has been promoting low-
environment-impact initiatives, including the Polar Code* and a
scheduled ban on the use and carriage of heavy fuel oil (HFO) in Arctic
waters”. However, the effectiveness of these measures depends on
enforcement, monitoring, and broad international compliance”*.
Access to the ASR raises another issue in that the changes in global
trade shipping routes may create environmental inequalities in emis-
sions exposure between regions that experience increased trade flow
and those that experience decreased trade flow.

While some earlier studies have examined the effects of access to
the ASR on shipping emissions>'**?¢, significant gaps in the research
remain. First, most of the existing literature focuses on the local
environmental impacts of access to the ASR in the Arctic region'®*?
while the impacts on global shipping emissions have received little
attention. In particular, the geographic redistribution of carbon bur-
dens and the resulting environmental inequalities in exposure to
emissions across regions have not been sufficiently addressed'®”.
Second, a practical prospective scenario for achieving zero emissions
in the Arctic is lacking”?%. Third, there is a shortage of comprehensive
prediction models that integrate global trade forecasts, shipping route
decisions, and alternative fuel scenarios, for most current models
focus either on routing efficiency”***° or global trade projections®*°
in isolation. There is, therefore, a pressing need for an integrated,
forward-looking framework that links trade intensity, routing dynam-
ics, and international climate goals.

Here, we develop a trade-integrated shipping emissions projec-
tion (TISEP) model that integrates future trade scenarios, vessel rout-
ing, and climate policy pathways into a unified framework. The model
quantifies the overall increase in global shipping carbon emissions
attributable to the opening of the ASR while also capturing the spatial
redistribution of emissions, in particular, the emergence of additional
hotspots in ecologically vulnerable Arctic waters and along major
global shipping corridors. It accounts for Arctic-specific operational
constraints such as seasonal and interannual sea ice variability
requiring ice-class vessels and regulatory measures such as the IMO’s
ban on HFO in Arctic waters. These features enable the model to rea-
listically simulate both climate- and policy-driven changes in shipping
routes and emissions. To capture the uncertainty in future trade tra-
jectories, we construct two contrasting scenarios: an optimistic trade
scenario (OTS) driven by macroeconomic growth and cost-based
integration (e.g., Gross Domestic Product (GDP), distance, and trans-
port cost) and a pessimistic trade scenario (PTS) reflecting rising
geopolitical risks and trade protectionism. These scenarios are aligned
with the shared socioeconomic pathways (SSPs) used in Intergovern-
mental Panel on Climate Change (IPCC) assessments and calibrated
with more than 6.49 billion Automatic Identification System (AIS)
signals and empirically derived trade elasticities (see Methods). By
simulating global vessel flows and the associated emissions across
these trade and policy futures, the TISEP enables a spatially resolved,
policy-relevant assessment of how access to the ASR will reshape the
scale and distribution of maritime carbon emissions. This assessment
highlights not only the implications for overall decarbonization but
also the emerging equity risks embedded in the evolving structure of
global shipping networks.

Leveraging this framework, we examine how three decarboniza-
tion strategies shape future emissions trajectories and spatial out-
comes under various trade and routing scenarios. Two of these
strategies, the 2023 IMO Strategy on Reduction of GHG Emissions
from Ships (IMO 2023 strategy)? and the Green Corridor strategy®"*
are supported by international efforts involving the IMO. The IMO
2023 strategy reflects the organization’s revised GHG reduction tar-
gets and assumes a sector-wide shift toward low- and zero-carbon fuels

through gradual compliance mechanisms. The Green Corridor strat-
egy builds on this approach by accelerating green fuel deployment
along maritime routes selected for their geopolitical or ecological
significance. The third strategy, Net-Zero, introduces a structurally
distinct decarbonization pathway anchored in two core features:
stricter fuel standards and a regionally phased rollout. The first feature
centers on a tank-to-wake emissions boundary, requiring zero emis-
sions at the point of combustion, and marks a fundamental departure
from the well-to-wake accounting in the IMO 2023 and Green Corridor
strategies®***, which credit upstream mitigation but allow significant
emissions at sea. To meet this stricter criterion, the Net-Zero strategy
prioritizes the deployment of truly zero-emission energy carriers—
specifically, electricity, hydrogen, and nuclear propulsion*~¢. The
second feature involves spatially staged implementation, beginning in
the Arctic, where ecological sensitivity is greatest, by 2040 and
extending globally after 2050. This phased rollout enables the sector
to reach full operational decarbonization by 2100. The projections of
the TISEP model show that neither the IMO 2023 strategy nor the
Green Corridor strategy would fully eliminate Arctic emissions by the
end of the century. By contrast, the Net-Zero strategy, through a
combination of fuel strictness and geographic prioritization, would
not only achieve zero emissions in the Arctic but also help mitigate
global environmental inequalities in shipping-related pollution
exposure.

Results

The impacts of opening the ASR on the flow of global shipping
The opening of the ASR will reshape global maritime trade, positioning
the Bering Strait as a critical chokepoint. Currently, dense sea ice limits
Arctic voyages to less than 2000 while traffic is concentrated in the Suez
Canal, the Panama Canal, and the Strait of Malacca (Fig. 1a). The retreat
of the ice and the growth of trade will alter this pattern. Thus, by 2050,
ASR voyages, mainly through the Northeast Passage, are projected to
reach 12,218 under the PTS and 23,205 under the OTS (Fig. 1b). After
2070, improved ice conditions are expected to trigger a sharp increase
in the flow of vessels through the Northwest Passage and Central Arctic
Route. By 2100, the Arctic is expected to support year-round navigation
for all major vessel types, allowing the ASR to handle 2.25% of global
traffic (569,214 voyages) under the OTS or 2.07% (180,608 voyages)
under the PTS, surpassing the Suez Canal (OTS: 163,339) and Panama
Canal (OTS: 331,435) (Fig. 1c, d). Compared with the counterfactual
scenario without access to the ASR (Fig. 1e, f), the flow of cargo through
the Bering Strait would increase by 94.2% to 99.8% under the OTS, and
traffic through the Suez and Panama Canals would decline by up to 5.1%
and 3.6%, respectively (Fig. 1g), reflecting the cost-driven rerouting that
will divert shipping flows toward the Arctic.

The ASR will drive a structural shift in global shipping patterns,
with impacts varying by vessel type and trade scenario. Oil and gas
tankers will dominate Arctic traffic, accounting for 67.52% of ASR
voyages by 2100 under the OTS or 58.38% under the PTS (Supple-
mentary Table 1). As East Asian demand grows, Arctic rerouting will
become increasingly prominent along the energy corridors connect-
ing Japan and South Korea with European partners, with ASR usage
reaching 43% to 56% (Supplementary Fig. 1). Bulk and chemical car-
riers, initially concentrated along southbound routes, will shift pro-
gressively northward, with the ASR emerging as a key conduit for
Russian exports (Supplementary Figs. 1 and 2). By contrast, container
vessels—being constrained by hub-and-spoke infrastructure—will
undergo limited rerouting except along select links between East Asia
and Northern Europe. These patterns are highly sensitive to trade
intensity. Under the PTS, ASR voyages on major energy routes such as
Vietnam-Norway, Vietnam-Denmark, and South Korea-Germany will
decline by about 75% relative to the OTS (Supplementary Fig. 3). A
differential analysis (OTS minus PTS) shows that oil exports from
Vietnam and South Korea-Germany gas routes will increase the most,
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Fig. 1| Global shipping flows with and without Arctic Sea Route (ASR) access,
2022-2100, under the optimistic trade scenario (OTS) and pessimistic trade
scenario (PTS). a Global shipping flows in 2022 overlaid with Arctic sea ice con-
centration; b projected shipping flows in 2050 under the OTS, with partial Arctic
sea ice retreat; ¢ projected shipping flows in 2100 under PTS; d projected shipping
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flows in 2100 under the OTS; e counterfactual scenario: shipping flows in 2100
under the PTS assuming no ASR access; f counterfactual scenario: shipping flows in
2100 under the OTS assuming no ASR access; g impact of ASR access on shipping
flows in 2100 at key global chokepoints (the Bering Strait, the Suez Canal, the
Panama Canal, the Strait of Malacca, and the Cape of Good Hope).

with more than 5000 additional ASR voyages by 2100 (Supplementary
Fig. 4). Despite these increases, the overall reliance on the ASR will
remain moderate (<50% voyages) for oil and gas transport, thus
underscoring the role of the ASR as a region- and cargo-specific cor-
ridor within a globally diversified network. These results indicate that
the spatial redistribution of global shipping flows will be uneven,
particularly for high-emission vessel classes rerouting toward the
Arctic, and raise pressing concerns about the emerging role of the
Arctic in global maritime carbon emissions.

Shipping carbon emissions projections under the business-as-
usual scenario

The Arctic is emerging as a critical frontier for maritime carbon
emissions under the business-as-usual (BAU) scenario. With fuel
structures unchanged and trade volumes rising, the opening of the
ASR is projected to drive a substantial increase in shipping carbon
emissions across the North Polar Region (Fig. 2a; Supplementary

Figs. 5, 6). According to the TISEP model, emissions are expected to
rise from a minimal baseline of 1.01 megatonnes (Mt) carbon dioxide
equivalent (COzq) in 2022 to 117.61 Mt under the OTS and 36.25 Mt
under the PTS by 2100, with the Central Arctic Route contributing
58.28%, the Northeast Passage 17.25%, and the Northwest Passage
24.47%. Consequently, the ASR is poised to become one of the five
most carbon-intensive shipping corridors globally, with its share of
global maritime emissions rising from 0.22% to 2.72% under the OTS or
1.01% under the PTS. This escalation—Ilargely occurring after 2050—will
be driven primarily by increasing traffic from gas, oil, and chemical
tankers, which together account for 87.37% of ASR emissions under the
OTS and 81.05% under the PTS. Although access to the ASR will shorten
voyages and reduce per-trip emissions, these gains will be offset by a
sharp increase in overall traffic across all vessel classes, including bulk,
container, oil, chemical, and gas carriers.

At the global scale, maritime emissions are also projected to surge
dramatically this century, with the Northern Hemisphere accounting
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for a disproportionate share of the increase. Under the OTS (Fig. 2b),
emissions are projected to rise from 217.20 Mt COy¢q in 2022 to 4.71
gigatonnes (Gt) CO,¢q by 2100, a 22-fold increase (sevenfold under the
PTS). The Northern Hemisphere consistently contributes ~80% of total
maritime emissions while the Southern Hemisphere follows a more
moderate trajectory. The opening of the ASR will reinforce this hemi-
spheric disparity structurally by redirecting traffic toward higher-
emitting northern corridors. Compared with a counterfactual without
use of the ASR, global emissions will increase by 384.29 Mt COy¢q
under the OTS by 2100 (Fig. 2c), an 8.2% rise (+143.67 Mt; +9.5% under
the PTS). These findings underscore the substantial net emissions
impact of the ASR, with nearly all of the additional carbon burden
concentrated in the Northern Hemisphere (98.67% under the OTS;
97.82% under the PTS).

Spatially, Arctic carbon emissions are highly uneven, being con-
centrated in a few high-impact sea areas (Fig. 2d-g, Supplementary

Fig. 7). Up to 2070, most Arctic transits—and associated emissions—will
occur along the Northeast Passage, particularly through the Kara Sea
(2070: 4.07 Mt under the OTS; 1.62 Mt under the PTS) and East Siberian
Sea (3.09 Mt under the OTS; 1.23 Mt under the PTS), where navigability
is relatively favorable. Emissions will also rise sharply in the Laptev and
Chukchi Seas, in both cases exceeding 1.2 Mt under the OTS and 0.4 Mt
under the PTS. After 2070, as sea ice retreats further, shipping traffic
will shift markedly toward the Central Arctic Ocean and the Canadian
Arctic Archipelago, driven by shorter routing distances and lower
operational costs. By 2100, this transition will intensify carbon-
intensive activity in previously inaccessible waters, in particular, the
Lincoln Sea (31.65 Mt under the OTS; 9.62 Mt under the PTS), Baffin
Bay (18.32 Mt under the OTS; 5.68 Mt under the PTS), and Norwegian
Sea (10.71 Mt under the OTS; 3.26 Mt under the PTS), broadening the
spatial footprint of Arctic shipping emissions(Fig. 2e). These shifts will
both diversify the geographic distribution of maritime traffic and
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Fig. 3 | Temporal impacts of the opening of the Arctic Sea Route (ASR) on
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ASR carbon emissions AEmissions

shows emissions with ASR access. The orange line reflects emissions occurring
specifically along ASR corridors. The red line indicates the net increase in global
emissions attributable to ASR access (AEmissions = with ASR — without ASR). The
upper and lower bounds of each shaded band represent emissions under the
Optimistic Trade Scenario (OTS) and the Pessimistic Trade Scenario (PTS),
respectively.

concentrate emissions in ecologically sensitive and historically low-
impact regions, reinforcing the need for region-specific mitigation and
monitoring strategies.

Beyond the Arctic, ASR-induced rerouting will produce stark
geographic disparities in global maritime emissions with the intensi-
fication of regional hotspots in East Asia, Northern Europe, and North
America (Fig. 2d). In the Northwest Pacific, increases of 30-50 Mt
CO¢q are projected along key chokepoints, including the Tsugaru,
Luzon, and Taiwan Straits(corridor IDs 9, 90, and 13), under the OTS,
representing two- to five-fold surges in emissions relative to the no-
ASR baselines. These surges will be driven primarily by oil, gas, and
chemical tankers, with combined emissions reaching 43.4-85.8 Mt
annually near China, Japan, and South Korea across the South China
Sea, East China Sea, and Sea of Japan. Northern Europe will also
experience substantial growth, most prominently along the
Oslo-Rotterdam corridor (ID 44), with emissions increasing more than
sixfold, from 5.30 Mt to 39.37 Mt. A similar pattern is expected along
the United States-United Kingdom (US-UK) corridor (ID 43), with
emissions increasing by 25.38 Mt CO2.q (from 10.99 Mt to 36.37 Mt).
Thus, the North Sea will be among the maritime regions most impac-
ted. By contrast, equatorial chokepoints such as the Malacca Strait (ID
37), the Suez Canal, and the Panama Canal will experience slight
reductions (0.49-0.70 Mt per segment) because of the diversion of
cargo away from these routes(Fig. 2f). Most Southern Hemisphere
corridors will experience modest declines, with the notable exception
of Australia’s northeastern Coral Sea (ID 29), where emissions are
projected to rise from 1.74 Mt to 6.06 Mt because of the increased
trans-Pacific traffic.

Shipping decarbonization strategies

In light of these trends, we evaluate how alternative decarbonization
strategies may alter Arctic and global shipping carbon emissions.
Specifically, we assess the three strategy scenarios described earlier:
the IMO 2023 strategy, a Green Corridor strategy, and the Net-Zero
strategy introduced in this study (detailed in the Methods section). The

long-term mitigation effectiveness of these scenarios differs sub-
stantially (Fig. 3; Supplementary Figs. 8 and 9). Under the BAU baseline,
Arctic emissions would rise steeply, as noted. The IMO 2023 strategy
(Fig. 3a) would moderate but not reverse this trend, with emissions
peaking at ~1.32 Mt CO2q by 2070. The Green Corridor strategy would
perform better, with emissions peaking earlier, in 2030, at ~0.63 Mt
before declining. Only the Net-Zero strategy delivers near-linear
reductions, reaching zero emissions by 2100 with >90% cumulative
abatement relative to IMO 2023 strategy. The persistence of these
differences even under the PTS underscores the primacy of policy
ambition over trade volume in shaping Arctic climate outcomes.

While the long-term trajectories of these strategies differ mark-
edly, their structural robustness remains a key concern. To assess the
resilience of decarbonization policies to structural changes in the
shipping network, we compare projected global emissions trajectories
with and without access to the ASR. Even in the absence of access,
residual emissions would remain considerable under both the IMO
2023 strategy (43.97 Mt COz.q) and the Green Corridor strategy
(46.46 Mt CO2.q) by 2100, indicating incomplete decarbonization
(Fig. 3a, b). By contrast, the Net-Zero strategy would sustain near-zero
emissions throughout the second half of the century regardless of
access to the ASR (Fig. 3c). This divergence highlights the key insight
that effective mitigation depends not only on policy ambition but also
on the capacity to absorb structural shocks such as the opening of
major routes. Under the IMO 2023 and Green Corridor strategies,
emissions persist because the traffic and the associated carbon shift to
other high-emission routes. Only the Net-Zero strategy fully addresses
this systemic vulnerability by decarbonizing the entire maritime net-
work independent of future routing configurations.

To quantify the marginal impact of the ASR, we calculate the net
difference in global emissions between these strategies with and
without access to it. Under the IMO 2023 strategy, the ASR will con-
tribute an additional 3.91 Mt CO2¢q by 2100—a 9% increase over the
baseline without the ASR. Somewhat counterintuitively, the Green
Corridor strategy performs worse, with use of the ASR leading to
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Fig. 4 | Projected regional shipping carbon emissions by ship type under three
decarbonization strategies. Spatial projections of emission intensity (Mt CO5eq
km~2) from 2025 to 2100 under a the IMO 2023 Strategy, b the Green Corridor
Strategy, and ¢ the Net-Zero Strategy across six major sea regions, namely, the
Arctic, the Caribbean Sea, the Singapore Strait, the North Pacific Ocean, the North
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Atlantic Ocean, and the South China Sea. Each subplot shows emissions dis-
aggregated by ship type: container, bulk, chemical, gas, and oil. d Sectoral dis-
tribution of projected carbon emissions along key green shipping corridors from
2025 to 2050.

10.03Mt COz¢q in added emissions (+22%) despite the stronger
regional mitigation measures. The performance of this strategy
reflects a rebound effect, with targeted decarbonization efforts in
specific corridors driving traffic—and emissions—to less-regulated
parts of the network. The Net-Zero strategy, however, eliminates this
marginal impact entirely. The contrast among these strategies makes
clear the critical importance of system-wide decarbonization efforts
that neutralize both geographic and network-induced rebound effects.

Spatially, under the IMO 2023 strategy (Fig. 4a), emissions would
intensify most sharply in the Arctic, especially those from gas and oil
carriers, rising from <0.05Mt km™ in 2025 to >0.87 Mtkm™ by
2100, and traditional chokepoints such as the Singapore Strait and
North Pacific Ocean would experience reductions of more than 50%.
The Green Corridor strategy (Fig. 4b) would reduce emissions in
most targeted regions (e.g., those of container ships in the Singapore
Strait from 6.65 to 0.24 Mt km™2) but would fail to control growth in

the Arctic, where mitigation gaps would persist. Under the Net-Zero
strategy (Fig. 4c), all ship types would converge to near-zero emis-
sions across all regions, including the Arctic, despite traffic growth—
an outcome that demonstrates the robustness of full-fleet dec-
arbonization. These findings likewise reflect the emergence of the
Arctic as the primary residual emissions hotspot under partial miti-
gation strategies.

Further structural contrasts emerge across major green shipping
corridors (Fig. 4d, Supplementary Fig. 10). Initially, the ASR would be
dominated by container and chemical tankers, the emissions from
which would peak before 2035 and then decline. The Rotterdam-
Singapore corridor would remain container-dominant while the
emission shares from the Republic of Korea-United States and ASR
corridors would rise significantly, from 14.43% to 59.69% and from near
zero to 0.02%, respectively. These shifts indicate that the emerging
trade corridors are expanding faster than policy enforcement and
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expose latent vulnerabilities that would persist even under the partially
mitigated decarbonization regimes.

Discussion

The results of our TISEP model indicate that the opening of the ASR will
not only reshape regional shipping patterns but also amplify global
carbon emissions and exacerbate environmental inequalities. Under
the BAU scenario, Arctic maritime emissions are projected to surge
from 1.00 Mt CO,¢q in 2022 to 117.61 Mt by 2100 in the high trade case,
driven primarily by a sharp increase in traffic from oil, gas, and che-
mical tankers®, which together would account for more than 80% of
ASR emissions. The contribution of the ASR to global maritime emis-
sions would rise more than twelvefold, from 0.22% to 2.72%, making
this route one of the five most carbon-intensive corridors worldwide.
Spatially, emissions would intensify in newly navigable but ecologically
vulnerable waters®**°, with hotspots such as the Lincoln Sea (31.65 Mt)
and Baffin Bay (18.32 Mt), which were previously near-zero emission
zones, emerging as critical carbon concentration zones. This trans-
formation risks accelerating Arctic warming, disrupting albedo effects
and permafrost stability, which could release significant methane
stores and exacerbate global climate feedbacks. Although access to
the ASR reduces voyage distances, these efficiency gains will be over-
whelmed by the scale of increased traffic growth. These findings
underscore the Arctic’s role as an emerging emissions frontier, chal-
lenging global decarbonization efforts like the Paris Agreement’s 1.5 °C
target and highlighting the need for region-specific mitigation to
protect its critical ecological functions.

Beyond the Arctic, ASR-induced rerouting will trigger pro-
nounced spatial shifts in global shipping emissions that will deepen
regional disparities in environmental exposure. High-emission traffic
will be redirected away from traditional chokepoints such as the Suez
and Panama Canals toward high-latitude corridors, resulting in sub-
stantial emission increases across Northeast Asia, Northern Europe,
and North America. For example, annual emissions along the
Oslo-Rotterdam corridor will increase from 5.30 Mt to 39.37 Mt, and
those along the US-UK corridor will increase by 25.38 Mt, transform-
ing the North Sea into one of the world’s most impacted maritime
regions. In the Northwest Pacific, emissions through the Tsugaru,
Luzon, and Taiwan Straits will increase by 30-50 Mt CO,¢q primarily
because of the rerouting of oil, gas, and chemical tankers serving East
Asian economies. These shifts, driven by carbon-intensive tankers,
could increase ocean acidification risks in northern corridors, threa-
tening marine ecosystems critical for global fisheries and biodiversity.
By contrast, equatorial corridors such as the Malacca Strait and the
Suez Canal will experience marginal declines in emissions in another
example of the hemispheric redistribution of maritime carbon bur-
dens. These asymmetric outcomes reflect a critical inequity: while
exporting nations stand to benefit economically from Arctic access,
emissions will increasingly be offshored to ecologically sensitive and
under-regulated transit zones, disproportionately impacting Arctic
indigenous communities reliant on marine resources for cultural and
economic survival.

Our evaluation of decarbonization strategies also indicates that
current international efforts fall short of mitigating ASR-induced
emissions, particularly in the Arctic. Under the IMO 2023 strategy,
Arctic shipping emissions would peak at ~1.32 Mt CO,q by 2070 while
the Green Corridor strategy would reduce this peak only to ~0.63 Mt,
with emissions persisting through 2100. Counterintuitively, access to
the ASR under the Green Corridor scenario would increase global
emissions by 22% relative to the situation without access because of
the rebound effect in non-regulated regions. By contrast, our pro-
posed Net-Zero strategy would nearly eliminate Arctic shipping emis-
sions by 2100, delivering >90% cumulative abatement compared with
the IMO baseline and neutralizing the global marginal impact of the
ASR. This success stems from its systemic approach, addressing

network-wide traffic shifts and preventing residual emissions that
could trigger ecological tipping points, such as accelerated ice loss or
permafrost thaw. These results underscore the necessity of system-
wide fuel transitions and show that partial or geographically con-
strained policies cannot safeguard the Arctic from long-term emis-
sions growth or mitigate global environmental inequity, particularly
when well-to-wake accounting allows tailpipe emissions that harm
Arctic air quality and ice integrity.

The structural ambition and spatial targeting of the Net-Zero
strategy account for its effectiveness. Unlike existing frameworks that
rely on incremental fuel substitution or route-specific mitigation, Net-
Zero mandates a universal transition to zero-emission energy carriers,
including green hydrogen, electricity, and nuclear propulsion®*~¢, with
an Arctic-prioritized rollout beginning in 2040. This early deployment
in high-latitude regions would address the heightened climate sensi-
tivity in these regions and prevent emissions from leaking into ecolo-
gically fragile waters. By 2050, the strategy would expand globally,
enabling complete fleet-wide decarbonization by the century’s end.
However, its implementation faces challenges, including high upfront
costs for hydrogen and electrification infrastructure, as well as geo-
political barriers to aligning fuel standards across nations. Realizing
this trajectory requires a coordinated global effort, including invest-
ment in port electrification and hydrogen supply chains, development
and scaling of zero-carbon ship technologies, and intergovernmental
alignment on emissions accounting frameworks. Without these
enabling conditions, fragmented governance and technological inertia
could delay the Net-Zero transition, risking irreversible Arctic ecosys-
tem damage and undermining global climate goals.

As continued climate change increases the accessibility of the
Arctic****, the resulting shifts in maritime geography are poised to
restructure global trade networks by redistributing economic oppor-
tunities and environmental burdens in profoundly unequal ways.
Nations positioned to benefit from trans-Arctic shipping, such as
Vietnam, South Korea, and Russia, may experience accelerated trade
growth while other nations face marginalization as traditional routes
lose strategic relevance. For example, the Suez Canal is currently a
major source of foreign exchange for Egypt, contributing around 5% of
the country’s national GDP and generating over $5 billion annually in
toll fees, but it is economically exposed to traffic declines, with
reduced flow directly diminishing canal revenues*’. While trade fore-
casts may overstate the reliance on the ASR by neglecting intermodal
alternatives such as trans-Eurasian rail, such unquantified local feed-
back as soot-induced sea ice loss suggests that our projections may
underestimate the long-term regional impacts. Even under a Net-Zero
scenario that eliminates carbon emissions, the non-carbon external-
ities of intensified Arctic traffic remain unaddressed. These external-
ities include increased underwater noise and the risk of ballast-
mediated species invasions, oil spills, and ship strikes”"****, all of
which jeopardize the ecological integrity of polar marine systems.
Realizing a sustainable maritime future requires harmonized global
governance, including strengthened IMO enforcement, bilateral Arctic
cooperation, and financing mechanisms for green technology
deployment, integrated with biodiversity safeguards and community
resilience to address the full spectrum of shipping impacts. Govern-
ance of the ASR must move beyond decarbonization to embrace a
comprehensive environmental protection agenda®?****¢, ensuring
that economic gains do not come at the expense of irreversible harm
to one of the planet’s most climate-sensitive regions and aligning with
United Nations Sustainable Development Goals for equitable global
progress.

Methods

To quantify the carbon impact of access to the ASR, we developed the
TISEP model, which integrates trade dynamics, vessel routing, and
emissions data across climate and policy scenarios. The framework
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consists of four interdependent modules: (1) forecasting trade
volumes, (2) predicting global shipping flows, (3) the redistribution of
Arctic shipping, and (4) estimating carbon emissions. Each module
builds on the outputs of the previous one, forming a cohesive pipeline
that captures how socioeconomic factors shape spatially resolved
emissions across future scenarios (see Supplementary Fig. 11). First, we
project the trade volumes between country pairs from 2025 to 2100
using an autoregressive integrated moving average with exogenous
variables (ARIMAX) model trained on historical socioeconomic and
geopolitical indicators such as GDP, population, transport cost, value-
added structures, and bilateral political relations. We disaggregate
these projections by vessel and commodity type under five SSPs. We
select SSP2 as the baseline scenario for shipping flow projections in
this study, as explained in the Supplementary Discussion. Next, we
translate trade volumes into vessel flows across 150 national-level
maritime routes, integrating AIS trajectory data with spatial route
segmentation and flow reconstruction methods to derive route-
specific vessel matrices aligned with trade projections. Third, we
simulate the emergence of the ASR as a viable route by forecasting
navigability based on sea ice conditions, estimating generalized
transport costs, and identifying cost-optimal routing between country
pairs. A trade reallocation model determines the usage of the ASR
based on route competitiveness and seasonal accessibility, capturing
shifts in the global shipping network. Lastly, we calculate shipping
emissions using a hybrid bottom-up/top-down approach. We estimate
historical emissions at the grid scale using AlS-derived vessel behavior
and project future emissions by combining route-level traffic, energy
demand, and scenario-specific fuel structures. The decarbonization
trajectories include the BAU baseline, IMO-compliant regulation, green
corridor strategies, and a net-zero transition. Together, these modules
allow for a spatially explicit and scenario-resolved assessment of how
Arctic accessibility and global trade growth will reshape maritime
emissions through the 21st century. The following sections detail the
computational procedures for each module.

Forecasting trade volumes

We employ a linear ARIMAX model to project bilateral trade volumes
from 2025 to 2100 under the OTS and PTS. The modeling procedures,
diagnostic tests, and forecast validation results are described in detail
in Supplementary Method 1.

For the OTS, which serves as our baseline projection, is based on
the assumption of a stable macroeconomic environment with gradu-
ally intensifying trade integration. The ARIMAX model integrates
autoregressive and moving average terms alongside a wide array of
explanatory variables including GDP, population, shared borders,
language, legal agreements, and colonial ties”. To capture con-
temporary trade dynamics, we incorporate two additional elements: (i)
value-added trade links that reflect embedded economic relationships
and (ii) transport cost heterogeneity as a frictional constraint. In
addition, we capture geopolitical influence through bilateral political
affinity (proxied by sentiments in joint news coverage) and interaction
frequency (through co-mention rates in international media)*®*°. This
scenario assumes no exogenous trade shocks and reflects a trajectory
of uninterrupted trade normalization and structural growth. The ARI-
MAX model structure is

P q 4
@ =c+ Y ding i+ > O+ > BiXyte @
i=1 Jj=1 J=1

where Ing.; and & are autoregressive and moving average terms,
respectively, and X, denotes time-varying covariates capturing factors
that influence trade flows between origin and destination countries
(Supplementary Table 3). These factors include: (i) legal and institu-
tional factors, e.g. legal_new, and legal new, are dummies indicating
the presence of recent bilateral or multilateral trade agreements for

origin and destination countries, and fta wto captures World Trade
Organization (WTO)-based free trade agreement status (binary); (ii)
geopolitical and relational variables: contig indicates shared borders,
diplo_disagreement measures logged diplomatic tension, and intimacy
and frequency reflect the closeness and communication intensity of
bilateral relations; and (ii) conomic fundamentals: InVA is the
logarithm of value-added trade, In Transport_cost_intensity denotes
transport cost per unit trade, and In gdp;, In gdp; and In pop;, In pop;
are the GDP and population logs of the origin and destination
countries, respectively. The continuous predictors are log-
transformed where appropriate. &, is the error term.

For the PTS, a recession-adjusted design is adopted to capture the
uncertainty of future geopolitical and economic conditions such as
trade wars, sanctions, and decoupling. This scenario builds on the OTS
but imposes an initial global trade contraction in 2025 derived from
WTO forecasts (https://www.wto.org/english/news_e/news25_e/tfore_
16apr25_e.htm). The shock is modeled as a 0.2% decline in global trade
volume. From 2026 to 2040, the system will recover along an expo-
nentially decaying negative growth path parameterized with a 10-year
half-life. This functional form captures the gradual diminution of the
impact of the disruption while preserving continuity with the ARIMAX-
projected long-term trend. Mathematically, the adjusted trade volume
gFTs is expressed as

t
aP=asnx [] A+g) 2
722025
where g,_g, x e A12029) for 2025-2040, with A = In(2)/10, and g, -
-0.2%. After 2040, g will revert to the baseline OTS growth rate. This
hybrid formulation enables us to realistically account for short-term
global trade shocks while preserving structural consistency in long-
term forecasts.

Predicting global shipping flows

Building on our previous research®®, we refined the global shipping
route network using Rodrigue’s maritime route map®". Since our trade
predictions are at the national scale, the original shipping routes are
segmented accordingly to ensure the accurate identification of vessel
flows between the country pairs along these routes. This process
identifies 150 national-level maritime routes for subsequent analysis
(Supplementary Fig. 18). Based on the spatial distribution of maritime
routes developed in this study, we construct buffer zones of varying
sizes at the start and end points of each route. We determine the sizes
and locations of these buffer zones by accounting for major strategic
points such as the Cape of Good Hope and vessel operation patterns
observed in AIS trajectory data. This approach, which our previous
research validates, ensures the reliability of the vessel flow statistics
along maritime routes. By integrating voyage information for six vessel
types, we assign unique voyage IDs to each trajectory signal. Filtering
of the AIS trajectory data within the buffer zones of each maritime
route allows for the calculation of vessel flows along these routes using
voyage IDs as

TFijm= D Fnpaij ©)
m

where TF; ; ,, represents the total vessel flows along maritime route m
between country i and country j. If vessel voyage n is simultaneously
observed in buffer zones p and g of maritime route m, and the two
countries involved invoyage nare iandj, thenF,, , . ; - =1.By summing
the flows of all of the vessels traveling between the countries i and j
that appear in both buffer zones p and g, we are able to calculate the
total vessel flows between this country pair along maritime route m.
Using AIS trajectory data from various ship types as input, we
generate country-pair vessel flow matrices for the various ship types
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across various shipping routes. This process involves analyzing 6.49
billion AIS trajectory data points in a Python 3.9 environment, resulting
in 1494 country-pair vessel flow matrices, each sized 155x155. We
design the matrix dimensions to align with the size of the computed
country trade matrix. Since the UN Commodity Trade Database does
not provide separate trade volumes for general cargo, we combine the
country-pair vessel flow matrices for general cargo and container ships
to ensure a one-to-one correspondence between the trade and flow
matrices. Utilizing the 155 x 155 country pair matrices of trade volumes
from 2022, we map the total trade volumes of various categories
between country pairs onto the corresponding 155 x 155 country-pair
matrices of vessel flow. This mapping process generates trade-vessel
flow matrices for various maritime routes. The mathematical for-
mulation for this process is

TF,
TV, ., ="
wkm™ Trade, ;

“)

where TV, denotes the ratio between vessel flows and trade
volumes for commodity type k between country i and country j along
maritime route m, TF;;,, represents the total vessel flows along mar-
itime route m between countries i and j, and Trade;; indicates the trade
volume between these two countries. For country pairs on certain
maritime routes where neither trade volume nor vessel flow are
observed, we assign the trade-vessel flow ratio a value of 0. Following
the previous steps, we construct 1245 trade-vessel flow matrices for
five commodity types, each with a size of 155 x155. These matrices
represent the commodity categories of container, general cargo, bulk,
oil, gas, and chemicals. By integrating the trade volume projections
under the five SSPs, we can estimate the vessel flows between various
country pairs along specific maritime routes as

Flow,»,j,k,m = PTrade,-J-’k TV km 5)

where Flow; ; , ., represents the vessel flows for commodity type k
between countries i and j on maritime route m, PTrade, ; , refers to the
projected trade volume between countries i and j under a specific SSP
scenario, and TV, ; ; , is calculated using Eq. (4). Subsequently, the
total vessel flow along a specific maritime route can be determined as

Flow ,,= > Flow; ; ¢ m ©6)
L]

where Flow, ,, is the vessel flow of commodity k on maritime route m.
Lastly, we obtain the vessel flow projections for 150 maritime routes
under the five SSP scenarios, with the time span of these projections
aligning one-to-one with the trade projection results of the SSP
scenarios. The results under the OTS are presented in Supplementary
Figs. 19 and 20.

The redistribution of Arctic shipping

To estimate future trade flows through the ASR, we develop a cost-
based routing framework incorporating (i) predictions of Arctic
navigability, (ii) generalized shipping cost modeling and optimal route
selection, and (iii) estimates of ASR trade allocation.

We project Arctic sea ice conditions, including sea ice thickness,
sea ice concentration, and drift, from 2022 to 2100 under the
SSP2 scenario. The methodology integrates the Coupled Model
Intercomparison Project Phase 6 (CMIP6) climate projections with
vessel-specific operability thresholds to determine navigable windows.
Given the strong intra-annual variability of ice conditions, we generate
forecasts at 10-day intervals (hereafter referred to as “periods”). Based

horizon®™ (see Supplementary Figs. 21 and 22 for visual reference). The
methodological details are in Supplementary Method 2.

Inspired by the OxMarTrans model®, we develop a generalized
shipping cost framework that incorporates Arctic navigation condi-
tions. The generalized cost (GC) of transporting one ton of cargo from
origin port i to destination port; is defined as the sum of monetary and
time costs,

MC; ; ¢ ¢
GCijsk= Y. <ﬁ +VOT, x Ti,j,s,k,a) 7)

aeA;;

where GC denotes the generalized cost (USD ton™), MC is the mone-
tary cost (USD ton™), VOT is the cargo’s value of time (USD ton*h™), T
is total transport time (h), and LF is the load factor, accounting for the
commercial utilization rate of the route. Subscripts i, j, s, k, and a refer
to the origin, destination, vessel type, time period, and type of tra-
versed area (Supplementary Table 4), respectively.

Transport time 7T can be expressed as the sum of transit time and
transport delays (e.g., canal delays), and monetary costs, MC, are
expressed as the sum of variable costs (which include distance- and
time-related costs) and fixed costs:

Dis; ; k
Tijska= % +Del;; sk a (8)
s, a
MC;; s,k,a=DCij s k,at TCijs,k,at FiXij s ka 9

where Dis represents the transport distance (in km), v is a vessel’s
operational speed (km h™), Del is delay time (in hours), DC and TC are
distance-related and time-related variable costs (USD ton™), respec-
tively, and Fix denotes fixed charges (e.g., canal fees and icebreaking
tariffs).

We further decompose the variable costs as

DCi,j, ska= (fcs,a + acs,a) x Disi,j,s, k,a (10)

Dis; ;

_ J.s.k,a .

Tcirj.s,k,a - ) X (Caps,a + Cres,a + Ma's,a + Inss,a)
s,a

an

where fc and ac denote fuel and additional distance-related costs (USD
ton™ km™), and Cap, Cre, Mai, and Ins represent the capital cost, crew
cost, maintenance cost, and insurance cost per unit transport time
(USD ton™ h™), respectively. The parameter values are detailed in the
Supplementary Tables 5 and 6. Based on this generalized cost model,
we develop a method to calculate optimal shipping routes and
associated costs at a 1-degree grid scale (see Supplementary Method 3),
thereby determining the least-cost paths between any two countries or
regions.

We predict the annual trade ratio of Arctic shipping between
countries (or regions) in the future based on the generalized cost
determined through optimal path search. For each specific period k,
we assume that vessels will choose the ASR if the cost is less than that
of traditional routes (the maximum predicted cost between ports i and
jfor all periods). However, because of path dependency, political risks,
and other difficult-to-quantify factors, cost-based predictions are likely
to overestimate the actual Arctic shipping volume®. To address this
overestimation, we introduce a threshold, 6, to better capture these
effects:

PAi.j,s,e = Z (Vi,j,s,k ><ps,k)

on these projections, we delineate seasonally navigable corridors with (12)
and without the assistance of icebreakers across the 2022-2100 keK,
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where PA represents the trade ratio via ASR, p is the proportion of
trade in a specific period relative to the total annual trade (used to
account for seasonality, ignoring interannual differences), y is a 0-1
variable, K is the set of all periods, e is the specific year, and 6 is the
critical threshold for vessels to choose the ASR determined by the
actual values of the total transit volume along the Northern Sea Route
for each ship type in 2024°*. The final Arctic trade ratio forecast data
are provided in Supplementary Table 7.

Predicting shipping carbon emissions

Based on the 2022 AIS data (including vessel speed, position, and time)
and vessel archive data(such as maximum rated power and design
speed). We employ a bottom-up approach? to calculate carbon diox-
ide emissions at the trajectory scale®. The calculation formula is

E=E,+E,+E,
3
Ep=Pyx (I/Vmaf,;) xT,*xEFy, 14)

Eg=Po;xT,xEF,
Eb=Pb,jx TVXEFb

where E represents a vessel’s total emissions; E,,, E,, and Ej, represent
emissions from the main engine (ME), auxiliary engine (AE), and boiler
(BO), respectively; P,,, P,, and P, denote the rated power of the ME, AE,
and BO, respectively; V,. indicates the vessel's actual speed; Vax
indicates the vessel's design speed; T, represents the time that the
vessel operates at speed V. the vessel’s operational modes i (such as
at berth, anchoring, maneuvering, and cruising) are defined by V.,
and EF,,, EF,, and EF,, are the emission factors™ for the ME, AE, and BO,
respectively. The results are presented in Supplementary Fig. 25.

To explore long-term decarbonization pathways in maritime
shipping, we construct one baseline scenario and three policy sce-
narios, each defined by distinct policy frameworks specifying emission
targets, fuel mandates, and geographic coverage. These scenarios
reflect a spectrum of ambition levels from inertial growth to full sys-
temic decarbonization and are implemented within the TISEP model to
quantify their respective impacts on global shipping emissions. The
scenario-specific inputs include fuel mixes, policy timelines, and spa-
tial applicability, all calibrated using historical AIS data, techno-
economic fuel forecasts, and institutional targets. The details of the
scenarios are as follows.

BAU scenario. This baseline assumes that the global shipping sector
maintains its exact 2025 fuel mix through 2100 with no further policy
intervention, technological innovation, or behavioral shift. The fuel
composition remains constant over time, consisting primarily of low-
sulfur fuel oil (LSFO) and marine gas oil (MGO) (LSFO / MGO, 67.6%),
HFO with scrubbers (17.7%), and liquefied natural gas (LNG) (12.5%),
along with marginal shares of liquefied petroleum gas (0.4%), fossil
methanol (0.4%), and bio-based marine gas oil (bio-MGO, 1.4%) (Sup-
plementary Table 8). We assume that zero-carbon fuels (e.g., bio-LNG,
e-fuels, and ammonia) and carbon capture technologies remain
unused throughout the simulation period. Shipping demand con-
tinues to grow in line with projected trade flows, but the proportional
composition of fuel use remains fixed at 2025 levels. As such, this
scenario represents an inertial emissions trajectory under current
operational and regulatory conditions and serves as the counterfactual

baseline for evaluating the mitigation potential of alternative
pathways.

IMO 2023 strategy. This scenario assumes full compliance with the
IMO’s Revised GHG Strategy, which targets a 20% reduction in emis-
sions by 2030, 70% by 2040, and net-zero by 2050 relative to 2008
levels”. The scenario also envisions a progressive transition from
fossil-based fuels to low- and zero-carbon alternatives, including
methanol, ammonia, hydrogen, and e-fuels. The projected fuel mix is
based on the Det Norske Veritas (DNV)’s predictive modeling, which
incorporates fuel cost trajectories, technology readiness levels, and
improvements in vessel energy efficiency. Specifically, the shares of
HFO scrubbers and LSFO/MGO will decline from 17.7% and 67.6% in
2025 to 0% and 2.1% by 2050, respectively, while zero- and low-carbon
fuels such as e-ammonia (27.6%), e-MGO (27.8%), and bio-methanol
(2.9%) will become dominant (Supplementary Table 8). Carbon cap-
ture technologies will be progressively deployed from 2030 onward,
accounting for a combined 40.8% of the fuel mix by 2050. This sce-
nario reflects a policy-driven transformation of fuel structures aligned
with mid-century decarbonization targets. Notably, the IMO’s defini-
tion of “net-zero by or around 2050” refers to well-to-wake emissions,
encompassing the entire fuel lifecycle, from production and transport
to onboard combustion. This accounting framework allows fuels with
upstream carbon mitigation (e.g., biofuels, e-ammonia with renewable
electricity, or carbon capture at production sites) to qualify as zero-
emission though combustion at sea still generates substantial tailpipe
emissions. This distinction is particularly relevant for trans-Arctic
shipping, during which vessels release residual CO» and black carbon
directly into highly sensitive ecosystems. By contrast, the Net-Zero
strategy introduced in this study involves the adoption of a stricter
operational boundary, targeting zero emissions at the point of use
(tank-to-wake) through the deployment of fully non-emitting tech-
nologies such as battery-electric systems, nuclear propulsion, and
hydrogen fuel cells. This divergence highlights both the limitations of
current international frameworks and the importance of spatially dif-
ferentiated mitigation strategies for ecologically vulnerable regions.

The green corridor strategy. This strategy builds on the IMO pathway
by introducing route-specific acceleration in green fuel adoption
consistent with the Global Maritime Forum'’s strategy for green ship-
ping corridors. Eight major corridors are designated as green corridors
based on their ecological vulnerability and strategic significance
(Supplementary Fig. 10). Within these corridors, the share of preferred
green fuels such as LNG, methanol, and marine diesel oil will increase
linearly from 2025 to 2050 to reach full substitution. For routes sup-
porting multiple fuel options, the shares are evenly allocated. This
scenario reflects both climate ambition and the operational challenges
of low-carbon navigation in ice-prone and environmentally sensitive
regions (Supplementary Table 9). Fuel selection varies by corridor
depending on infrastructure readiness, trade function, and ecological
risk. For example, e-ammonia is prioritized on iron ore routes such as
South Africa-Europe and Western Australia-North Asia while bio-
methanol and hydrogen are preferred along shorter, high-traffic cor-
ridors such as US-UK and Oslo-Rotterdam. The Green Corridor
strategy is supported by the IMO and promoted through initiatives
such as the Silk Alliance Green Corridor cluster. These efforts are
grounded in the Clydebank Declaration launched at 26th United
Nations Climate Change conference (COP26) and are implemented
through multi-stakeholder collaborations involving port authorities,
shipowners, financial institutions, and fuel providers. Notably, the ASR
is incorporated as a green corridor in this study because of its pro-
jected strategic importance and environmental sensitivity. Although it
is not featured in current policy frameworks, its inclusion here reflects
the need to extend decarbonization efforts to emerging high-latitude
routes. Given the ecological fragility of the Arctic, high-risk fuels such
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as ammonia are excluded, and lower-impact options, including carbon
capture and storage (CCS)-equipped LSFO, CCS LNG, and methanol,
are substituted to minimize environmental harm.

The net-zero strategy. This scenario represents a high-ambition
pathway toward decarbonization of the maritime sector, surpassing
existing strategies such as those laid out by the IMO 2023 strategy and
the Green Corridor initiatives. The scenario assumes the phased
adoption of zero-carbon energy carriers—specifically, electricity,
hydrogen, and nuclear—beginning regionally in the Arctic in 2040 and
expanding globally from 2050 onward. The earlier regional deploy-
ment reflects the Arctic’s environmental sensitivity and the amplified
climate feedback driven by black carbon and CO, emissions. The
urgent need to mitigate accelerated warming in this region, exacer-
bated by growing trans-Arctic shipping activity, justifies its prioritiza-
tion for a zero-emission transition. Under this scenario, zero-carbon
fuels will remain negligible prior to 2045, when their initial deployment
will begin exclusively in the Arctic. By 2050, global-scale adoption will
commence, supported by anticipated infrastructure development,
carbon pricing mechanisms, and regulatory enforcement. Between
2045 and 2100, the share of zero-carbon energy share in total maritime
energy use will increase exponentially, from 0.14% in 2045 to 39.6% in
2055, and 86.6% in 2070, reaching 100% by 2100. This trajectory
captures the expected curve of technology diffusion, regulatory
maturation, and the system-wide substitution of fossil-based marine
fuels (Supplementary Fig. 26). Real-world initiatives such as Green
Shipping Corridors are assumed to serve as early pilot projects for
zero-emission deployment, particularly in technologically advanced
ports. The Net-Zero strategy thus defines the upper bound of maritime
decarbonization potential and assumes the complete and irreversible
transition to non-emitting propulsion technologies across all vessel
classes and regions by the end of the century.

Projecting short-term carbon emissions (2025-2050). Because of
the absence of well-established emission factors for many clean fuelsin
bottom-up models, we adopt a hybrid approach that integrates both
bottom-up and top-down methods to project future shipping emis-
sions. We begin by estimating energy consumption at the vessel-
trajectory level using data on engine power, operational speed, and
voyage duration. We aggregate these values by route and vessel type
to derive the baseline energy demand for each category. Unit energy
consumption per vessel is then calculated and scaled by projected
traffic flows to estimate total annual energy demand through 2100.
Next, we determine the required fuel mass by combining the projected
energy demand with the mass share and specific fuel consumption of
each fuel type, the latter being defined as the fuel mass required to
produce one unit of energy. Lastly, we calculate carbon emissions by
multiplying the annual fuel mass of each type by its corresponding
emission factor. The full calculation procedure is

Vac:' 3
Weeyo= Zjejc,t {Pm X (V,m:) XT, ;P XT, ;+Ppx T,,J}

— Wc,t,yO
Wc.t.y_<N XNe,ey

60

Weey=2 (Mc,t.y x gﬁi)
Ec,t,y:Zi(Mc,t.y *lic ey EFi)

where y, denotes the baseline year 2022 in this study, W0 is the
baseline energy consumption for route ¢ and ship type ¢, N0 is the
number of ships in the baseline year, N, is the projected ship volume
for year y, ri., is the mass-based fuel share of fuel type /, SFC; is the
specific fuel consumption of fuel type i (see Supplementary Table 10),
EF; is the emission factor of fuel type i (see Supplementary Table 11),
and £ represents the total carbon emissions.

as)

Projecting long-term carbon emissions (2050-2100). For the long-
term projection from 2050 to 2100, we employ two distinct approaches
depending on the policy scenario. Under the IMO and Green Corridor
strategies, we extrapolate emissions based on the historical trend of the
Energy Efficiency Operational Indicator (EEOI) from 2025 to 2050. We
apply a log-linear regression model to EEOI values by route and ship
type to estimate future emission intensities. The EEOI is defined as

E rty

EEOI, ., = N, xd,

(16)

where E, ., is the total carbon emissions for route r, ship type ¢, and
year y; N, is the number of voyages; and d, is the distance of route r.
Under the Net-Zero strategy, zero-carbon fuel uptake is modeled as an
exponential growth process beginning in 2040 for Arctic routes and in
2050 for all other global routes. The residual share of conventional
fuels follows the 2050 Green Corridor fuel structure and declines
exponentially over time. We calculate emissions using the same
method as Eq. (15). The share of conventional fuels, defined as the
complement to zero-carbon penetration, is
weep = e o) xw, 17)
where y, is the implementation start year and k is a scaling factor set to
ensure that zero-carbon energy reaches full adoption by 2100.

Data availability

The study-generated datasets that support the findings of this work
have been deposited in Zenodo (https://doi.org/10.5281/zenodo.
14550743). Source data for all figures are provided with the paper
and the accompanying code. Access to the AIS data is restricted for
third parties, so we use the data under license for the current study.
The Harmonized System (HS) code is based on the HS22 standard, and
the relationship between ship types and HS codes can be accessed in
the Fourth IMO GHG Study. The trade volume data are from CEPII BACI
(https://www.cepii.fr/CEPIl/en/bdd_modele/bdd_modele_item.asp?id=
37). The seaborne proportion is from https://unctadstat.unctad.org/
datacentre/dataviewer/US.SeaborneTrade. The transport cost is from
https://unctadstat.unctad.org/EN/TransportCost.html (accessed on 17
July 2024), ranging from 2016 to 2021. The GDP and population data
included historical data (for 1995-2022) and prediction data (for
2100), which we obtain from the World Bank Databank (http://
databank.worldbank.org/, accessed on 17 July 2024) and the Interna-
tional Institute for Applied Systems Analysis’s shared socioeconomic
pathway (SSP) database (https://tntcat.iiasa.ac.at/SspDb/, accessed on
17 July 2024), respectively. We obtain the Global Database of Events,
Language, and Tone (GDELT) data from the GDELT Project (https://
www.gdeltproject.org/). We simulate the forecasted GDP and popula-
tion data based on various shared socioeconomic pathways. The value-
added data are from the Eora Global Supply Chain Database (https://
worldmrio.com/). The bilateral maritime distances are from the
Foundation for Studies and Research on International Development
(https://zenodo.org/record/46822#.VVFcNWMvyjp). The sea area data
are from Marinerregions.org (https://www.marineregions.org/
downloads.php). Source data are provided with this paper.

Code availability
The Python codes used during the current study are available from
Zenodo (https://doi.org/10.5281/zenodo.14550743).
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