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Exploring the cost and emissions impacts, 
feasibility and scalability of battery  
electric ships
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The United States’ greenhouse gas (GHG) emissions reduction goals, along 
with targets set by the International Maritime Organization, create an 
opportunity for battery electric shipping. In this study, we model life-cycle 
costs and GHG emissions from shipping electrification, leveraging ship 
activity datasets from across the United States in 2021. We estimate that 
retrofitting 6,323 domestic ships under 1,000 gross tonnage to battery 
electric vessels would reduce US domestic shipping GHG emissions by up 
to 73% by 2035 from 2022 levels. By 2035, electrifying up to 85% of these 
ships could become cost effective versus internal combustion engine ships 
if they cover 99% of annual trips and charge from a deeply decarbonized 
grid. We find that charging demands from electrifying these ships could 
be concentrated at just 20 of 150 major ports nationwide. This study 
demonstrates that retrofitting to battery electric vessels has economic 
potential and could significantly accelerate GHG emission reductions.

The United States aims to cut greenhouse gas (GHG) emissions 52% 
by 2030 and 100% by 20501. The International Maritime Organization 
(IMO) is targeting GHG emissions reductions from international ship-
ping, starting with 20–30% reductions by 2030 and 70–80% reductions 
by 2040 (both from 2008 levels) before realizing net-zero GHG emis-
sions near mid-century2. US domestic marine vessels with internal 
combustion engines (ICEs) emitted 21.9 million metric tonnes (MMT) 
of carbon dioxide equivalent (CO2e) in 20213,4. Whereas maritime ves-
sels represent 3% of total transportation emissions in the United States, 
identifying decarbonization pathways for these vessels is critical to 
achieving net-zero transportation emissions4.

Although battery electric ships (BESs) have received considerable 
attention, questions remain about their feasibility due to challenges 
related to scaling up battery sizes5, the difficulty of bringing electricity 
to vessels for charging6 and ship weight constraints. In light of these 
challenges, other zero-emission fuels such as hydrogen and sustainable 
liquids are being considered as alternatives for maritime transporta-
tion4. However, plummeting battery costs coupled with increasing 

battery energy densities create an opportunity for battery-powered 
shipping as a potential zero-emission freight solution. Whereas battery 
pack prices increased for the first time during the COVID-19 pandemic, 
to US$161 per kilowatt hour (kWh), by late 2023 they had resumed 
decreasing, to US$139 kWh−1 (refs. 7,8).

Recent advancements in battery technology have been spear-
headed by the US Department of Energy’s Battery500 and PROPEL-1K 
programmes, which aim to considerably increase energy density in 
batteries9,10. Battery500 targets achieving a cell energy density of 500 
watt-hours per kilogram (Wh kg−1), which represents a substantial leap 
from current capabilities. Notably, recent experiments have demon-
strated promising results, with lithium nickel manganese cobalt oxides 
(Li-NMC) pouch cells attaining energy densities up to 450 Wh kg−1. 
These and related developments can be expected to enable substantial 
advancements in battery electric transportation systems.

Several studies have estimated emissions from ship activities, 
including two comprehensive global assessments11,12. Gutiérrez com-
pared various methods for estimating GHG and air pollutant emissions 
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and regions for electrification based on projected electricity require-
ments. This analysis of zero-emission domestic shipping lays important 
groundwork for a global zero-emission shipping sector.

Our results indicate that electrifying 6,323 domestic vessels with 
a gross tonnage of less than 1,000 would reduce US domestic maritime 
GHG emissions up to 73% below 2022 levels by 2035; and that up to 85% 
of battery electric ships become cost effective, compared to internal 
combustion engine ships, when they cover 99% of historical trips and 
charge from a deeply decarbonized grid.

Ship battery potential and feasibility
From three US vessel databases27–29, we assess the battery electrification 
potential of 6,323 US domestic ships, which we refer to as the ‘Domestic 
Fleet’ (Supplementary Table 3). From these, we identify 2,722 ships with 
sufficient data from the Automatic Identification System (AIS)30 that 
travelled more than 1,500 km in 2021, which we then group into the ‘AIS 
Analysed Subset’. By analysing high-resolution temporal and spatial AIS 
data on ship operations, along with ship engineering specifications, 
we evaluate the technical feasibility of electrifying different ship types.

AIS data include ICE ships’ historical trip activity. Some trips 
involve one-way distances that exceed feasible battery sizes or costs 
with current technology. To address this issue, we create four capacity 
tiers—BESp100, BESp99, BESp95 and BESp90—to denote the percent-
age of ICE vessels’ historical trips that a BES can serve (Supplementary 
Note 3).

By excluding a small percentage of long trips, we can significantly 
reduce BES required battery sizes while still allowing it to perform 
most usual tasks. Figure 1a shows that excluding just 1% of the longest 
trips allows for a two-thirds reduction in battery size (Supplementary 
Fig. 19). This trend is particularly pronounced for passenger ships, 
whose battery size can be reduced by 85% (Supplementary Fig. 21). 
Availability of battery components is essential for ship electrification. 
Figure 1b shows that the batteries required to electrify the US domestic 
maritime sector would not exceed 14% of North America’s projected 
battery manufacturing capacity in 203031.

The weight of batteries largely determines the physical feasibility 
of vessel electrification. Weight increases can be mitigated by exclud-
ing a small percentage of long trips. Figure 1c demonstrates that with a 
battery system weighing 21 kg kWh−1 (ref. 32), electrification at BESp100 
leads to a 137% increase in the median weight of BESs compared to 
ICEs. However, excluding the top 1% of energy-demanding trips (that 
is, BESp99) limits the median weight increase to only 30%. Advance-
ments in battery materials and packaging that yield 25% lighter battery 
systems could limit BESp99 median weight increases even further, to 
21% (Supplementary Fig. 28)33.

Emissions reductions
We estimate total operational emissions of ICEs in the AIS Analysed 
Subset to be approximately 2.1 million metric tonnes of CO2e (MMT-
CO2e) or 9.5% of the 21.9 MMTCO2e emitted by the entire domestic 
fleet in 20213,4. A fair comparison of CO2e emissions from BESs and ICEs 
involves looking not only at BES charging and the emissions of associ-
ated electricity generation but also battery manufacturing. Because the 
study’s scope is confined to the period when retrofitting begins, prior 
vessel manufacturing and operational phases (and associated emis-
sions and energy consumption) are excluded from the analysis. Thus, 
we develop and employ a post-retrofit LCA model of BESp100 ships that 
includes full life-cycle CO2e emissions for electricity generation and 
battery production and compare this with life-cycle emissions of ICE 
fuel consumption34. We allocate these emissions across the expected 
lifetime and distance travelled of vessels post-retrofit, which may vary 
from other LCAs that select a different allocation method and functional 
unit (for example, per t-km travelled). Notably, battery manufacturing 
emissions can be significantly mitigated (by up to 72%) if batteries, after 
initial deployment, are utilized in stationary second-life applications35. 

from maritime transportation13. Chen et al. delved into emissions 
estimates for tugboats by distinguishing different operational modes 
(for example, berthing and un-berthing) and analysing the positions 
of tugboats in relation to containers14. Other studies conducted 
region-specific analyses, including a spatial-temporal estimation of 
ship emissions along the Yangtze River in China15, emissions from ships 
operating within the Great Lakes–St. Lawrence Seaway16 and emissions 
from non-oceangoing vessels in the United States17. These studies all 
focused on estimating emissions and did not compare the economics 
of BESs to ICEs.

Advancements in battery technology have enabled recent deploy-
ments of battery electric ferries in Norway18, Japan19 and Denmark20. 
Whereas ferries’ predictable service routes make them ideal electrifi-
cation candidates, other ship types, such as tugboats, are also being 
considered; the first battery electric tugboat, the 6-MWh eWolf, was 
unveiled in 202121.

Previous studies have explored the decarbonization potential of 
BESs. Comparison of grid emissions data from 33 countries identified 
power system emissions as the key parameter affecting BES emissions22. 
A study comparing BESs with alternative fuels across three ship types 
through life-cycle assessment (LCA) and techno-economic analysis 
(TEA) demonstrated that BESs emit the lowest GHG emissions and 
have the lowest cost for passenger ships compared with alternatives, 
suggesting those ships may present a unique electrification oppor-
tunity23. From an LCA perspective, lithium-ion batteries are the most 
environmentally friendly option, relative to lead-acid or nickel-metal 
hydride chemistries, primarily due to their extended lifespan and 
greater energy density24. The potential for battery electric interregional 
container shipping, enabled by a rapid decline in battery costs, has also 
been identified25. Furthermore, analysis utilizing an emissions–energy–
economic impact model has demonstrated that increasing the share 
of BESs can reduce GHG emissions from shipping26.

Whereas these studies provide a helpful foundation for estimating 
maritime GHG emissions and the electrification potential of specific 
applications, none addresses the broader regional or national implica-
tions of replacing ICEs with BESs. Here we assess the costs, equipment 
needs and environmental benefits of converting US domestic shipping 
to battery electric. In so doing, we address a specific assumption—
namely, that BESs would always serve 100% of historical trips—that 
may have led observers to underestimate BES economic feasibility. By 
evaluating the economic feasibility of battery electric ships at different 
percentages of historical trips served, we present a valuable framework 
for assessing the reasonable pool of ships that could be electrified.

We consider fuel production, electricity generation and battery 
manufacturing and operation through both a TEA and LCA, looking 
closely at a specific pathway for maritime decarbonization, namely the 
retrofitting of ICE ships. In our TEA, we assess the routes and ship types 
that can feasibly be electrified at current and near-future battery costs 
and energy densities given ships’ energy requirements, the distribution 
and length of shipping routes and vessel engineering considerations. 
Then we estimate the grid and port infrastructure requirements to 
enable such a nationwide transition. In our LCA, we quantify the full 
life-cycle environmental impacts of transitioning to battery electric 
shipping, including potential reductions of criteria air pollutants and 
GHG emissions.

To complete our analysis, we developed a modelling tool, the Mari-
time Battery Electrification Simulator (MariBES), to explore electrifi-
cation options in different maritime contexts using both TEA and LCA 
and provide insights for electrification planning. Our model is unique 
in its high spatial and temporal resolution, which enables a granular 
understanding of the opportunities and constraints facing different 
ship types and port systems. Whereas we use US-flagged vessels under 
1,000 gross tonnage (GT) as a test case, the model is flexible to other 
input data and could be used to examine fleets in other countries using 
the same global activity database. Finally, we identify priority US ports 
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Table 1 presents the scenarios assumed in this study for emission and 
economic analyses.

Figure 2a shows that retrofitting ICEs to BESs can reduce maritime 
CO2e emissions by 34–73% in 2035, depending on the carbon intensity 
of the electric grid36. Under the DEC50 scenario, this reduction reaches 
75% in 2050. But in DEC35, which broadly aligns with Biden–Harris 
administration goals37, the 75% CO2e emissions reduction seen in 2050 
under the DEC50 scenario could be nearly achieved by 2035, with a 73% 
reduction36. Whereas retrofitting ICEs to BESs can significantly reduce 
maritime CO2e emissions, achieving complete decarbonization faces 
two main challenges. First, the focus of power system decarbonization 
is primarily on the combustion stage, not accounting for emissions in 
the pre-combustion stage, which still amount to 107–122 CO2e g kWh−1 
inclusive of infrastructure, material and any energy consumption for 
production of renewable energies. Second, our assumptions indi-
cate that during the battery manufacturing process, 41% of energy is 

sourced from electricity, whereas the remaining 59% is derived directly 
from fossil fuels (that is, coal, natural gas and petroleum). From an LCA 
perspective, reducing CO2e emissions in the pre-combustion stage of 
electricity generation and achieving carbon-free battery manufactur-
ing are both essential to achieving 100% decarbonization with BESs.

Figure 2b shows cumulative US domestic maritime sector emis-
sions between 2022 and 2050 could fall by 58% under DEC35 compared 
to BAU38. Accelerating power sector decarbonization thus enables 
significantly larger and faster CO2e emission reductions from shipping 
electrification.

Figure 2c shows that per-km CO2e emissions from BESs decrease by 
up to 12% as capacity tier decreases. Because BESs with lower-capacity 
tiers do not serve all ICE trips, we estimate per-km CO2e emissions by 
excluding the emissions and travel distances of unserved trips. The 
most cost-effective emissions reduction is achieved by retrofitting 
ICEs to BESp90 under a DEC35 scenario, which reduces per-km CO2e 
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Fig. 1 | Battery requirements and technical feasibility by vessel type and 
capacity tier. a, Median battery requirements by ship size, ship type and 
capacity tier. The capacity tiers—BESp100, BESp99, BESp95 and BESp90—
represent the percentage of historical trips by ICE vessels that BESs can serve. 
As the BES capacity tier decreases, battery size decreases by an average of 67%, 
86% and 92%, respectively. Within the BESp99 cohort, the most significant 
reduction in battery size is observed for passenger ships of 500–1,000 gross 
tonnage (GT), followed by inland and push tugs of 500–1,000 GT. Articulated 
tug barges (ATBs) of 500–1,000 GT exhibit the smallest reduction due to their 
unique trip characteristics and large share of energy-demanding trips. b, BES 

battery requirements by capacity tier compared to North American battery 
manufacturing capacity in 2030 for vessels of 50–100 GT. Battery demand ranges 
from 7,898 megawatt hours (MWh) for BESp90 to 135,973 MWh for BESp100.  
c, The ratio of BES weight to ICE weight by BES capacity tier. The weight differential 
varies by capacity tier, with smaller weight increases seen in lower-capacity tiers. 
For BESp100, 41% of vessels had a weight increase of over 100%. By contrast, 
BESp99 weight increases were more modest, with 65% of vessels showing an 
increase of 50% or less. For BESp95, 69% of vessels had a weight increase of 20% or 
less, whereas a striking 91% of BESp90 had weight increases of 20% or less.
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emissions by 81% compared to ICEs in 2022. Whereas well-to-tank emis-
sions show minimal differences among scenarios, decreasing carbon 
intensity across upstream inputs will lower well-to-tank emissions, 
leading to greater CO2e reductions.

Economic feasibility of battery electric ships
To compare vessels retrofitted with battery electric systems to their ICE 
counterparts, we estimate a levelized cost of transportation (LCOT) in 
US$ km−1 that divides the annualized capital and operating costs of ICE 
and BES technologies by the annual distance travelled25. For ICE ships, 
the total cost includes ultra-low sulfur diesel fuel39, the social cost of 
CO2e emissions40 and air pollution (NOx and SOx)41. For BESs, the total 
cost includes battery capital costs42, operations and maintenance, 
charging infrastructure43, CO2e40, air pollution41 and the battery’s net 
salvage value at end of life44,45.

Regarding BES CO2e emissions, no direct emissions occur during 
BES operation. BES CO2e emissions arise from the processes involved 
in producing batteries for BESs, generating electricity used by BESs 
and producing fuel for electricity generation. Additionally, for deter-
mining BESs’ air pollution, we included emissions of NOx and SOx 
from the direct combustion for generation of electricity that BESs 
consumed.

We estimate costs in 2022, 2035 and 2050 for each of the four BES 
capacity tiers under three grid emissions scenarios (BAU, DEC50 and 
DEC35) and three cost scenarios (optimistic, intermediate and challeng-
ing). Comprehensive explanations of cost calculations and individual 
scenarios are available in Methods and Supplementary Notes 5 and 6.

Figure 3a shows that most BESp99 are cost effective compared to 
ICEs in 2035, depending on cost and emission scenarios. ‘Cost effec-
tive’ means the cost of retrofitting an ICE vessel to BES is at or below 
parity with the LCOT of operating an equivalent ICE vessel. The ratio of 
cost-effective BESs to ICEs increases significantly when the capacity tier 
shifts from BESp100 to BESp99 due to smaller battery requirements. 
More BESs are cost effective in 2035 than in 2022 due to lower battery 
costs and higher CO2e social costs, with 85% of BESp99 systems becom-
ing cost effective under the DEC35 intermediate scenario. Figure 3b 
shows that despite projected BES cost reductions of up to 63%42, BESs 
always show higher direct costs compared to ICEs when environmental 
costs are not considered.

It is important to note that BESs may not be financially attractive 
to vessel owners when only considering direct costs. But if external 
costs associated with GHG emissions are included, such as under 
a policy mandating carbon trading or a carbon tax, investing in 
BESs becomes beneficial. The pricing of GHG allowances varies by 
jurisdiction. For example, in the European Union’s Emission Trading 
System, the cost was US$93 t−1 CO2e in 2023 and projected to reach 
US$157 t−1 CO2e in 203046. In the United States, Washington state had a 
cost of US$55 t−1 CO2e in 2023, the highest in the nation47–49. Recogniz-
ing the inherent uncertainty of future carbon prices, we adopted the 
US Environmental Protection Agency’s projection of US$250 t−1 CO2e 
for 2035. Supplementary Fig. 42 shows that in 2035, carbon costs 
of US$250−1 t CO2e and a more conservative US$157 t−1 CO2e would 
enable 80% and 60%, respectively, of BESp99 vessels to achieve 
cost parity.

Table 1 | Description of emission and economic scenarios

Type of scenario Description Scenario name Note Key parameters

2022 2035 2050

Emission scenarios

For BESs, GHG emissions 
from electricity generation 
were assessed based on three 
projected generation scenarios 
for the United States.

Business as usual 
(BAU)

Grid emission factors: ‘Mid-case’ 
in NREL’s Cambium model36

Grid-side 
emission 
(gCO2e kWh−1)

424 293 218

95% electricity 
decarbonization by 
2050 (DEC50)

Grid emission factors: ‘mid-case 
with 95% decarbonization 
by 2050’ in NREL’s Cambium 
model36

424 251 70

95% electricity 
decarbonization by 
2035 (DEC35)

Grid emission factors: ‘Mid-case 
with 95% decarbonization 
by 2035’ in NREL’s Cambium 
model36

424 82 68

Economic scenarios
For BESs, three price scenarios are 
considered for charging cost and 
battery system cost.

Optimistic (OPT) Charging cost: ‘low zero-carbon 
technology’ scenario for 
transportation sector in Annual 
Energy Outlook 202352

Battery system projection: 
‘conservative’ scenario in NREL’s 
ATB 202242

Battery system 
cost (US$ kWh−1)

378 174 139

Intermediate (INT) Charging cost: ‘reference’ 
scenario for transportation 
sector in Annual Energy Outlook 
202352

Battery system projection: 
‘moderate’ scenario in NREL’s 
ATB 202242

378 254 203

Challenging (CHA) Charging cost: ‘high 
zero-carbon technology’ case 
for transportation sector in 
Annual Energy Outlook 202352

Battery system projection: 
‘advanced’ scenario in NREL’s 
ATB 202242

378 320 320

To assess decarbonization potential through vessel electrification under varied power system decarbonization scenarios, we assume three emission scenarios: business as usual (BAU), 
95% electricity decarbonization by 2050 (DEC50) and 95% electricity decarbonization by 2035 (DEC35) based on scenarios in the National Renewable Energy Laboratory (NREL)’s Cambium 
model36. BAU assumes no new carbon policies after 2021. DEC50 is the base scenario used in economic analyses. DEC35 broadly aligns with the Biden–Harris administration goal to 
decarbonize the US power system by 203537. Three additional economic scenarios—optimistic, intermediate and challenging—evaluate how electricity prices and battery costs affect BES 
economic feasibility.
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Figure 4 illustrates the average LCOT breakdown under various 
scenarios. Figure 4a shows that LCOT parity of BESp99 with ICEs will 
occur in 2035. Average LCOT of ICEs shows an annual increase of 1%, 
whereas that of BESp99 decreases by 1.5%. For ICE vessels, most of the 
cost increase is driven by the social cost of CO2e emissions. In contrast, 
for BESp99, cost decreases result from falling battery costs and reduc-
ing CO2e social costs.

Figure 4b shows that BESp99 in passenger and tug (inland-push 
boats) categories have a lower average LCOT compared to ICEs in 2035. 
On the basis of ship-to-ship comparisons, roughly 90% of these BESp99 
ships are cost effective compared to their ICE counterparts. Whereas 
tug (coastal-harbour) and tug (ATB) have higher average costs than 
ICEs, 76% and 44% of these ships, respectively, still reach or exceed cost 
parity with their ICE counterparts. Further discussion of each scenario 
appears in Supplementary Figs. 22–25.

Electricity requirements for BES charging in 150 
major US ports
We estimate total annual electricity demand of the 2,722 ships in the 
AIS Analysed Subset to be 3.8 TWh. The electricity demand calculation 
for 2,722 ships incorporates historical activity data from 2021 for each 
vessel, encompassing parameters such as time, speed and location and 
integrates these with their respective vessel engine sizes. Because the 
combined gross tonnage of all 6,323 vessels in the Domestic Fleet is 
twice that of the AIS Analysed Subset, the Domestic Fleet’s annual elec-
tricity demand is estimated at 7.7 TWh. Figure 5a shows the geospatial 
distribution of electricity requirements by state and port.

In Fig. 5b, tugboats exhibit the highest electricity requirements 
in every state, constituting 99.6% and 99.9% of total charging demand 
in Louisiana and Texas, respectively. In California, the demand for 
passenger ships is higher than in any other state, representing more 
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Fig. 2 | CO2e emissions from ICEs and BESs. Each of BESp100, BESp99, BESp95 
and BESp90 represents a group of BESs, indicating that the BESs cover only the 
respective percentage of ICEs’ historical trips. a, Annual CO2e emissions from 
ICEs and BESs. Under the BAU scenario, BES emissions in 2022 are only 8% lower 
than those of ICE ships. However, BES emissions decrease significantly over time, 
falling to 1.6 MMTCO2e in 2035 and 1.3 MMTCO2e in 2050 under BAU. Under the 
DEC50 scenario, BES emissions fall to 1.4 MMTCO2e in 2035 and 0.6 MMTCO2e 
in 2050, corresponding to reductions of 42% and 75%, respectively, below 2022 
levels. Under the DEC35 scenario, CO2e emissions are projected to decrease 
significantly, indicating a 73% reduction by 2035 and a 75% reduction by 2050.  

b, Cumulative emissions reductions by emissions scenario between 2022 and 
2050. Retrofitting to BES yields a minimum cumulative CO2e reduction of 32% 
under the BAU scenario and a maximum reduction of up to 58% under the DEC35 
scenario. c, Per-km CO2e emissions from ICEs and BESs by capacity tier. As 
capacity tier decreases, per-km CO2e emissions from BESs also decrease due to 
smaller batteries in lower-capacity-tier ships. Battery manufacturing emissions as 
a share of total BES CO2e emissions decrease for lower-capacity tiers, with values 
of about 53%, 26%, 19% and 15% for capacity tiers BESp100, BESp99, BESp95 and 
BESp90, respectively, in 2035 under the DEC50 scenario.
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than 30% of the total BES charging demand (Supplementary Fig. 2). 
The additional demand on the electric grid by state, plotted in black 
dots, suggests that increases due to BES charging would be manageable 
in terms of expanding supply at the state level, as electricity demand 
increases by less than 1% (0.1–0.8%) in the top ten states.

Figure 5c shows ports with disproportionately high charging 
needs. These findings underscore the critical need for concentrated 
power and energy infrastructure in select states and ports to effectively 
support vessel electrification (Supplementary Figs. 30–32). Battery 
electric tugboats require the largest portion of energy in all but one 
of the top 20 ports, indicating their role will be crucial in electrifying 
domestic maritime transportation.

Supplementary Fig. 43 indicates that a significant proportion of 
vessels (67% on average, 89% of passenger ships) would require charg-
ing infrastructure of 5 MW or less to support historical vessel activities. 
This result aligns with emerging charging infrastructure developments 
such as the CharIN Megawatt Charging System under development by 
the ISO and other entities in Europe and the United States, which can 
potentially deliver up to 4.5 MW of power50.

Discussion and conclusions
We conducted exhaustive data analysis to evaluate the potential for 
electrifying US maritime vessels, but further research is needed to 
deepen understanding of other aspects of BES potential. We offer the 
following caveats about our research to clarify our approach and sup-
port future efforts.

Our DEC50 scenario aims for a 95% reduction in power sector CO2e 
emissions by 205036. Our DEC35 scenario accelerates this timeframe 

by 15 years, broadly aligning with the Biden–Harris administration’s 
goal to fully decarbonize the US power sector by 20351. Our analysis 
shows that relative to the DEC50 scenario, the DEC35 scenario could 
reduce cumulative CO2e emissions from domestic shipping by an 
additional 15% through 2050 and lower the LCOT of battery electric 
ships by 10% in 2035.

The social cost of carbon has varied across different US admin-
istrations: it was 43 US$ t−1 CO2e during the Obama administration, 
reduced as low as US$3 t−1 CO2e under the Trump administration and 
officially estimated at US$51 t−1 CO2e by the Biden administration51. Here 
we use the most recent values from the US Environmental Protection 
Agency, which are US$190 t−1 CO2e in 2022, US$250 t−1 CO2e in 2035 
and US$310 t−1 CO2e in 205040. Because the economic value of BESs 
is highly dependent on the social cost of CO2e, establishing a consist-
ent, predictable value is essential for enabling stakeholders to make 
long-term investment decisions.

Our LCOT model is largely driven by fuel prices and charging 
costs, which can be highly uncertain and significantly impact LCOT 
results. For example, the Annual Energy Outlook 202352 projected 
diesel costs in 2050 to range from a 31% decrease to a 58% increase, 
compared to the Reference scenario. For ICE ships, fuel costs in 2050 
account for 30% of the total LCOT, indicating LCOT could decrease 
by 10% or increase by 18% depending on the cost scenario. Addition-
ally, in a cost scenario where diesel prices increase by 58%, electricity 
costs also rise by 8%, causing the LCOT for BESs to increase by 3%, 
given that 36% of BESs’ LCOT is attributed to charging costs. Future 
research should update price projections to reduce uncertainties in 
LCOT modelling.
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Fig. 3 | Cost effectiveness of BESs vs ICEs. We examine three years (2022, 2035 
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emission scenarios (BAU, DEC50 and DEC35) and three cost scenarios (OPT, INT 
and CHA). The capacity tiers—BESp100, BESp99, BESp95 and BESp90—represent 
the percentage of ICEs’ historical trips that the BES can serve. a, The ratio of 
cost-effective BESs compared to ICEs based on ship-to-ship comparisons of 
LCOT. As the capacity tier decreases, the ratio of cost-effective BESs increases: 
under the DEC50 INT scenario, the 2035 cost-effectiveness ratios are 33%, 81%, 

90% and 91% for BESp100, BESp99, BESp95 and BESp90, respectively. Relative to 
INT cost scenarios, BES cost-effectiveness ratios increase by 7% in OPT scenarios 
and decrease by 8% in CHA scenarios on average; in DEC50 and DEC35 scenarios, 
these ratios increase by an average of 2% and 5%, respectively, compared to BAU. 
b, The median LCOT in each scenario. The dashed line depicts ICE LCOT for each 
year. Each error bar represents a range of 50–150% of emissions costs. By 2035, 
median ICE LCOT falls between BESp100 and BESp99.
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This study focuses on comparing the retention of ICEs versus 
retrofitting to BESs. Assuming a 60-year lifespan for these ships and 
given that the average age of ships in our study is 37 years, many cur-
rently operating ICEs will still be operational by 2050, as will new ICE 
ships purchased in the near future. On the basis of a 60-year lifespan, 
about 30% of US domestic ships will have more than 12 years remaining 
in their operational life by 2050. With average battery life estimated in 
this study at 12 years, 30% of existing and newly purchased ICE ships 
will probably be candidates for battery retrofitting in 2050. Therefore, 
it is important to assess the feasibility of retrofitting in that timeframe 
and the nearer term. For the purchasing decision between new ICE 
ships versus new BES ships when old ICE ships are retired, comparing 
the total cost of ownership—including both capital and operational 
expenditures—would be useful. This aspect, however, is not covered 
in the current study.

Going forward, further research in the following areas will improve 
understanding of the opportunities related to battery electric shipping.

First, shipping electrification opportunities should be prioritized 
based not only on cost-effectiveness comparisons between BESs and 
ICEs, but also on locations with renewable-based electricity grids. The 
carbon intensity of the electrical grid and charging costs vary depend-
ing on the time and location where BESs are charged. Whereas we used 
the national average to calculate emissions, charging strategies could 
vary considerably based on regional grid carbon intensity and local util-
ity tariffs. In regions where shipping electrification may not lower GHG 
emissions, the installation of port microgrids using renewable energy 
generation could help accelerate regional decarbonization6. Second, 
future studies should examine the feasibility of using multiple smaller 
BESs as a cost-effective alternative to replacing a single large ICE vessel. 
This approach aligns with the business model of Fleetzero, a start-up 
company53. Third, costly energy infrastructure requirements can be 
mitigated through the advanced scheduling of ship activity and charg-
ing and the adoption of swap-based battery charging. Fourth, air pollu-
tion at ports can be alleviated with the introduction of battery electric 
ships. Because near-port communities tend to be disadvantaged54, 

electrification would greatly reduce the disproportionate burden air 
pollution currently imposes on low socio-economic status and high 
minority populations55. Finally, ship activity can fluctuate year to year 
due to changes in shipments and economic conditions56. Our key find-
ings, such as energy requirements for the grid, are based on one year of 
activity data and could change with different shipping activity levels. 
Similarly, the economic feasibility of retrofitting individual ships could 
vary annually based on each ship’s operational activities.

We assessed the battery electrification potential of US domestic 
ships, in terms of their emissions and economic and physical feasibil-
ity, by using high-resolution temporal and spatial data along with ship 
engineering specifications. Our study reveals that the battery electrifi-
cation of 6,323 vessels can reduce maritime CO2e emissions as follows 
under each scenario. Under an ICE scenario, annual CO2e emissions will 
be 2.5 MMTCO2e, representing 11% of total GHG emissions from the US 
maritime sector; cumulative CO2e emissions between 2022 and 2050 
will be 72 MMTCO2e. Under a BAU scenario, annual CO2e emissions will 
be reduced by 34% in 2035 (1.6 MMTCO2e) and 48% in 2050 (1.3 MMT-
CO2e). Under a DEC50 scenario, annual CO2e emissions will be reduced 
by 42% in 2035 (1.4 MMTCO2e) and 75% in 2050 (0.6 MMTCO2e). Under a 
DEC35 scenario, annual CO2e emissions will be reduced by 73% in 2035 
(0.7 MMTCO2e) and cumulative CO2e emissions between 2022 and 2050 
will decrease by 58% (30 MMTCO2e).

Previously, the expectation that battery electric ships would serve 
100% of historical trips may have led to underestimations of their 
feasibility. In this analysis, we categorize BES capacity tiers based on 
the percentage of historical ICE trips a BES can perform. This allowed 
us to examine trade-offs in emissions and costs resulting from smaller 
battery requirements in lower-capacity tiers. As BES capacity tiers 
decrease and required battery sizes become smaller, cost advantages 
occur but the number of unserved trips increases. Using a BESp99 
with high utilization rates as a reference for comparison, we observe 
that in 2022, only 34% of BESs are cost effective; in 2035, this percent-
age increases to 68–88%, depending on the scenario. Smaller, modu-
lar vessel design is key to enabling cost-effective battery retrofits. 
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Fig. 4 | Cost breakdown of average LCOT for ICEs and BESs under DEC50 
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where second-life battery values account for approximately 42–46% of battery 
system costs. b, Illustrates LCOT of ICE and BESp99 by ship type in 2035 under 
the INT cost scenario. Average LCOT of BESs is lower than that of ICEs for 
passenger ships and tug (inland-push boats). Comparing BESp99s to ICEs for 
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LCOT, respectively. On the other hand, passenger and tug (inland-push boats) 
experienced reductions of 12% and 15%, respectively, which fell below the LCOT of 
ICE ships. O&M cost, operation and maintenance cost.

http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-024-01655-y

Incorporating emissions costs and the second-life value of batteries 
significantly enhances BES cost effectiveness.

Environmental costs must be incorporated for comparisons of 
ICEs and BESs to be accurate. Certain locations may exhibit much 
higher BES cost-effectiveness ratios, for example, where grid-supplied 
electricity is cleaner or where vessels have a more concentrated 

distribution of shorter trips. Such locations should be prioritized for 
battery electric shipping.

Large-scale BES implementation will require substantial invest-
ments in power infrastructure at ports, but we find that annual charg-
ing demands will probably be concentrated at just 20 of 150 major 
ports nationwide. Renewable-energy-based microgrids can meet 
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Fig. 5 | Annual electricity demand for BESs charging in the United States.  
a, Illustrates the electricity demand by state and port for BESp100, which covers 
all historical trips by ICEs, in the AIS Analysed Subset. The top 20 ports, coloured 
in red, collectively account for 46% of overall electricity demand at ports.  
b, Annual electricity demand by state and ship type for BESp100 in the AIS Analysed 

Subset. c, Annual electricity demand by port and ship type for BESp100 in the  
AIS Analysed Subset. Three of five ports with the highest electricity demand are 
in Louisiana. Among all 150 ports analysed, the Port of New York and New Jersey 
has the greatest electricity demand, at 238 gigawatt hours (GWh). Basemap in a 
from the US Census Bureau64.
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BES charging requirements while also reducing their lifetime GHG 
emissions57.

In conclusion, this study examines the potential for electrifying 
US domestic shipping and its associated benefits. Further research 
is recommended to explore operational approaches for effectively 
managing the most energy-demanding trips, to develop microgrid 
plans for ports and to identify optimal locations based on specific 
vessel needs and local grid emissions.

Methods
Scope and data
We utilized three types of data to analyse ship activities: (1) stock and 
technical specifications of vessels, (2) AIS vessel location data and (3) 
port location data.

Ships in scope
Vessel stock and specification data were integrated from three data 
sources: US Coast Guard27, US Army Corps of Engineers28 and IHS 
Markit29. Ships considered in this study encompass six ship types 
including tankers, general cargo and passenger ships and three types 
of tug: coastal-harbour tugs, inland-push boat tugs and ATB tugs. 
Ship type mapping from initial data sources is available in Supple-
mentary Tables 1 and 2, as is the detailed procedure for integrating 
the ship list. Supplementary Table 3 shows number of ships by the 
source of ship data. From this point forward, the term ‘Integrated 
Ship Database’ indicates the comprehensive list of 11,687 ships. 
‘Domestic Fleet’ is used to designate the 6,323 ships that have a 
gross tonnage between 50 and 1,000, where the gross tonnage is a 
nonlinear measurement of a ship’s internal volumes, derived from 
its volume rather than its weight.

Supplementary Fig. 33 illustrates the distribution of the AIS Ana-
lysed Subset by ship type. Among these ships, tug (coastal-harbour) 
comprises the majority with 1,395 ships (51.2%), followed by tug 
(inland-push boats) with 935 ships (34.3%) and passenger ships with 
306 ships (11.2%). The three types of tug combined comprise 2,410 
ships or 88.5% of the total. Apart from tugs and passenger ships, only 
six ships were selected, including two general cargoes and four tankers.

Supplementary Table 4 displays the average gross tonnage, main 
engine capacity and travel distance of vessels included in the AIS Ana-
lysed Subset. General cargo and tanker vessels were excluded from the 
table because the relevant subset, 50–1,000 gross tonnage, contains 
smaller-than-average ships for their type and is therefore not repre-
sentative of those vessels.

AIS data
AIS data refer to the activity information transmitted by ships and 
received by shore stations. The dataset includes details such as the 
ship’s unique identifier (that is, name, Maritime Mobile Service Identity 
(MMSI) and IMO number), location (that is, latitude and longitude), 
speed over ground (SOG), heading and other navigational information. 
The US Bureau of Ocean Energy Management and National Oceanic and 
Atmospheric Administration provide a publicly available historical AIS 
data pool within US territory30. This dataset allows us to analyse histori-
cal ship activities, including trip routes, ports visited and speed and to 
estimate electric power consumption and emissions during operations. 
To utilize the data, an extraction, data cleaning and transformation 
process is required, which is detailed in Supplementary Note 2.

On the basis of the historical AIS data for each ship, annual travel 
distance is calculated as presented in Supplementary Fig. 34. The bar 
graph shows the count of ships according to annual travel distance 
in km (left axis), and each line demonstrates the proportion of the 
count of ships by each type. Passenger ships tend to have shorter travel 
distances than other vessel types. In contrast, ATB tugs clearly tend to 
operate over longer distances. Overall, 90% of vessels travel less than 
33,000 km, whereas for ATB vessels, more than 11% travel distances 

exceeding 60,000 km. Annual travel distance is used to calculate the 
LCOT in US$ km−1 for each ship type.

Port data with coordinates
Port data include the name, state and coordinates of the top 150 US 
ports, based on total annual tonnage in 202058. Total annual tonnage 
includes both domestic and foreign waterborne trade. Supplementary 
Fig. 35 shows locations of the 150 ports, along with their volumes of 
domestic commodities.

Estimating ship electrification potential
To assess which domestic vessels could be feasibly electrified, we devel-
oped an analysis tool that integrates battery system sizing, charging 
scheduling, associated electricity and cost requirements and lifetime 
GHG emissions. We used object-oriented programming in Python, 
which makes the analysis tool highly adjustable and flexible in accom-
modating various ship and port datasets.

Supplementary Fig. 44 depicts the four stages of workflow in this 
analysis, each of which is described in detail in the following subsec-
tions. First, we developed methods to estimate necessary battery 
sizing given certain specifications and operating conditions. Then, 
we integrated data on vessel specifications and operations to estimate 
energy requirements for each trip. Next, we aggregated these energy 
requirements in the appropriate locations to estimate grid infrastruc-
ture required to charge the requisite number of BES vessels. Finally, we 
conducted a life-cycle analysis (LCA) to estimate overall GHG emissions 
associated with BES vessels.

Supplementary Fig. 37 outlines the design of the programme, 
MariBES, used in this study. MariBES’ adaptability to diverse ship ranges 
and port scopes allows it to explore electrification options in various 
maritime contexts and provide valuable insights for electrification 
planning.

Power system topology and power demand
BESs in need of charging get power from charging stations in ports. 
As the power supplied from the grid is in a.c. power, it is assumed that 
a shoreside a.c./d.c. converter is employed to convert the a.c. power 
into d.c. power for the BES. Supplementary Figs. 10 and 11 present a 
single-line diagram of the BES system and the shore power connec-
tion based on the battery propulsion for an all-electric vessel59 and the 
single-line diagram of MF Ampere, an electric car ferry18.

The first step in assessing the electrification potential of a ship 
involves calculating its power demand (PICE,Dv,t ). Onboard energy 
consumption consists of two main components: propulsion demand 
(PMEv,t ) and auxiliary demand (PAEv,t). The main engine provides propul-
sion energy, whereas the auxiliary engine supplies power for 
onboard electrical demand. To estimate the propulsion energy, the 
admiralty formula is widely used depending on the speed of the ship 
(SOGv,t):

PICE,Dv,t = PMEv,t + PAEv,t (1)

PMEv,t = CAP
ME
v ×min {δSTv × (

SOGv,t
V refv

)
n

× n−1w × n−1f × SF, LFME} (2)

where CAPMEv  is capacity of main engine; δSTv is speed-power correc-
tion factor; V refv  is the reference speed of vessel; nw is a weather modi-
fier to capture rough weather, which is assumed as 0.909 and leads 
to 10% increased power demand; nf  is fouling modifier to capture 
hull and propeller fouling, which is assumed as 0.917; n is a speed 
ratio exponent, representing the power correction factor for differ-
ent speeds, which is assumed as 3; and SF is a safety factor accounting 
for any uncertainty in vessel total power demand, which is assumed 
as 1.05.
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Auxiliary demand is estimated considering the operational mode 
(OMv,t) of the vessel at a given time, and is also dependent on the speed 
of the ship:

PAEv,t = CAP
AE
v × LFAEv (OMv,t, STv) × FAEv (3)

where CAPAEv  is the capacity of the auxiliary engine and LFAEv,t  is a  
function that returns the load factor of the auxiliary engine by opera-
tional mode OMv,t  and ship type STv. However, relying solely on the 
operational mode to compute the auxiliary demand led to excessive 
auxiliary power demand, especially when compared to the propulsion 
demand for certain ships. This situation often occurs when ships 
remain relatively stationary with the AIS system turned on, resulting 
in a consistent auxiliary demand. To address this, adjustment factor 
for auxiliary demand (FAEv ) is introduced to incorporate the average 
ratio of energy consumption in the main engine to that in auxiliary 
engine, as presented in the IMO 4th Emission Study12.

To calculate both propulsion and auxiliary demands for each ship, 
speed data from the AIS dataset is used. Further detailed procedures 
for calculating power demands are given in Supplementary Note 3.

Battery sizing based on trip energy demand
To determine BES battery size, we defined a ‘trip’ as a set of consecu-
tive times the BES is moving and cannot be charged. Definitions and 
equations regarding the trip and battery size are also detailed in Sup-
plementary Note 3. Supplementary Fig. 12 depicts example heatmaps 
of speed over time for passenger (Supplementary Fig. 12a) and tug 
(coastal-harbour) ships (Supplementary Fig. 12b). The passenger ship 
tends to exhibit more regular and shorter trip patterns, whereas the 
tug displays greater variability. These tendencies are not restricted 
to the examples presented here and can be observed within the same 
ship types, albeit to potentially varying extents across different vessels.

The energy demand for each trip (ETv,tr) is the sum of the energy 
consumption during the time in Tv,tr :

ETv,tr = Σt∈Tv,tr (PMEv,t × η−1BP + PAEv,t × η−1BA) /12 (4)

where ηBP  and ηBA  are efficiencies from the battery to propulsion 
demand and auxiliary demand, respectively. The sum of power con-
sumption in each hourly interval is divided into 12 because the power 
demand is estimated at 5-minute intervals, yielding 12 data points per 
hour to convert from kW to kWh.

To determine the battery size for each capacity tier (pX), we define 
a reference trip energy (E refv,pX) that is the Xth percentile trip energy 
among all trips:

E refv,pX = percentile ([E
T
v,tr] , X%) (5)

The battery size vessel (CAPBv,pX) in each capacity tier is determined 
based on the reference trip energy (E refv,pX) that ensures even after deg-
radation, BESpX can still meet the reference energy requirement:

CAPBv,pX = E refv,pX × DOD
−1 × SOH−1

EoL (6)

where DOD is depth of discharge which is assumed as 80% and SOHEoL 
is state of health of battery capacity at end of life, also assumed as 80%.

Supplementary Fig. 13 presents the trip energy distributions 
for two ship types: passenger (Supplementary Fig. 13a) and tug 
(coastal-harbour) (Supplementary Fig. 13b). Points p100, p99, p95 and 
p90 represent trip energy requirements at the 100th, 99th, 95th and 
90th percentiles, respectively. Each ship type has a unique trip energy 
distribution, and in some cases unusually energy-demanding trips 
are observed. Excluding such trips and determining battery capacity 
based on less energy-intensive trips enables significant reductions in 
battery size. For example, in the two given examples, the trip energy 

ratio between the 99th percentile and the 100th percentile is 83% and 
51%, respectively, reinforcing the idea that excluding certain trips could 
lead to a considerable reduction in battery size. These tendencies are 
not restricted to the examples presented here and can be observed 
within the same ship types, albeit to potentially varying extents across 
different vessels.

Supplementary Fig. 14 depicts the sum of energy in each interval 
based on the trip energy of the two vessels shown in Supplementary 
Fig. 13, along with the covered trip ratio and reference trip energy 
requirement. These examples show that lowering the capacity tier 
allows for a considerable reduction in battery size; the trade-off, how-
ever, is an increasing number of uncovered trips. These tendencies are 
not restricted to the examples presented here and can be observed 
within the same ship types, albeit to potentially varying extents across 
different vessels.

Charging scheduling
The need for efficient charging plays a crucial role in scheduling BES 
charging. Charging schedules (chv,t) are determined based on an algo-
rithmic approach, which charges the BES only when the state of charge 
(SOC) (SOCv,t) falls below a predetermined charging boundary, 
assumed at 70%. This ensures the BES is charged in a controlled manner 
and prevents the battery from being charged too frequently or unnec-
essarily. The SOC is bounded between 10% and 90% to prevent excessive 
charging or discharging that could lead to faster battery degradation. 
The SOC of a battery (SOCv,t) is calculated by adding the charging power 
(chv,t) to the SOC from the preceding time slot and subtracting the 
discharging power (dchv,t):

SOCv,t = SOCv,t−1 + (chv,t × ηc − dchv,t/ηd)/12/CAP
B
v,pX (7)

At the start of the simulation, battery SOC is set to 90%. While at 
port, if battery SOC is expected to fall below 70% after the subsequent 
trip, the battery is charged to 90%, its upper limit. This preemptive 
charging ensures the battery is sufficiently charged to meet the antici-
pated energy demands of the upcoming trip.

We assumed that charging is feasible only when the vessel is nearly 
stationary (below 0.5 knots) to align with historical vessel operation 
in battery scheduling. To estimate the charging power requirements 
of each vessel, we developed an optimal scheduling model aimed at 
minimizing the required maximum charging power while maintaining 
a higher SOC for batteries:

min
chv,t , ch,SOCv,t

chv + γ∑
t
SOCv,t (8-1)

s.t.

chv,t ≤ ch, ∀t ∈ T (8-2)

chv,t = 0 if SOGv,t > 0.5 ∀t ∈ T (8-3)

SOCv,t = SOCv,t−1 + (chv,t × ηc − DCHv,t/ηd)/12/CAP
B
v,pX ∀t ∈ T (8-4)

0.1 ≤ SOCv,t ≤ 0.9 ∀t ∈ T (8-5)

where chv  is maximum charging power for each vessel; γ is a parameter 
for higher SOC preference, which is set to 10−5; charging power (chv,t) 
is set to zero if the speed of the vessel is bigger than 0.5 knot; discharg-
ing power (DCHv,t) is given as an input for the optimization model; and 
SOC of the vessel is constrained to be between 10% and 90%.

To compare the power requirements at ports based on ships’ 
different charging strategies, we compared two charging strategies: 

http://www.nature.com/natureenergy


Nature Energy

Article https://doi.org/10.1038/s41560-024-01655-y

historical activity-based charging and trip-based charging. The 
approach of each charging strategy is described in Supplementary 
Note 3 and the comparison of power requirements at ports is given in 
Supplementary Figs. 30–32.

Battery degradation and estimated lifetime
The performance of lithium-ion batteries tends to diminish over time 
due to degradation, which is attributed to factors such as a loss of 
cyclable lithium, a loss of electrode-active materials and an increase 
in cell resistance60. As a result of degradation, the energy that can 
be stored in the battery (that is, battery capacity) decreases. Battery 
degradation can be categorized into two types: calendar degradation 
and cycle degradation61.

The economic value of a BES is significantly influenced by the 
lifetime of its battery. In this study, battery lifetimes were calculated, 
utilizing the battery degradation model outlined by Hoedemaker as 
illustrated in Supplementary Fig. 15. Detailed procedures used to cal-
culate the lifetime of each battery are described in Supplementary Note 
462. Supplementary Fig. 41 shows the distribution of battery lifetimes 
across different capacity tiers. It reveals that the average lifetimes of 
batteries are 15.5 years for BESp100, 12 years for BESp99, 10.4 years for 
BESp95 and 10.0 years for BESp90, respectively.

Emissions
Emissions can be calculated using two approaches: the energy-based 
approach and the fuel-based approach12. This study uses the 
energy-based approach, which calculates emissions based on the 
output of each engine and its corresponding emission factor in grams 
per kilowatt hour (g kWh−1). This facilitates the calculation of emissions 
from both ICEs and BESs using identical energy consumption data. Five 
types of air emission, CH4, N2O, CO2, NOx and SOx, are estimated based 
on the energy consumption calculated in Supplementary Note 3. For 
GHG emissions, we applied their respective 100-year global warm-
ing potentials63. For CO2e covering CH4, N2O and CO2, an LCA-based 
approach is used. NOx and SOx emissions are counted at the ship’s 
operational level (that is, fuel combustion).

We developed an LCA model to better account for supply chain 
energy demand and GHG emissions of battery electric shipping as 
shown in Supplementary Fig. 18. LCA is an analytical method that 
allows researchers to holistically assess the environmental impacts 
of a given product or process from raw materials extraction to final 
disposal (that is, ‘cradle to grave’). More details regarding the LCA are 
given in Supplementary Note 8.

The emissions of an ICE ship,EMICE
e,v , are equal to the sum of the 

emissions from well to tank (EMWtT
e,v,t) and engine combustion (EMCbst

e,v ). 
On the other hand, emissions from BESs (EMBES

e,v ) are the sum of emis-
sions from the well-to-tank phase (EMWtT,BES

e,v,pX ), power generators on the 
electricity grid (EMGrid

e,v,pX,sc) and battery manufacturing (EMBatt
e,v,pX,sc). Addi-

tionally, emissions credits from second-life battery (SLB) use after BES 
use (EMSLB

e,v,pX,sc ) are also considered because this study assumes 
end-of-life batteries can still be used for other purposes:

EMICE
e,v = EM

WtT
e,v + EMCbst

e,v (9)

EMBES
e,v,pX,sc = EM

WtT,BES
e,v,pX + EMGrid

e,v,pX,sc + EM
Batt
e,v,pX,sc − EM

SLB
e,v,pX,sc (10)

We estimated emissions under three emissions scenarios (BAU, 
DEC50 and DEC35) and three representative years (2022, 2035 and 
2050). Further details of emissions calculation for both ICEs and BESs 
are in Supplementary Note 4.

Economic feasibility
To establish an economic comparison between continuing to uti-
lize ICEs vs retrofitting them with BES technology, our analysis 

encompassed various factors, including operational costs and emis-
sions costs related to ICE technology and battery system costs, opera-
tional costs and emissions costs specific to BES technology.

The costs of both ICEs and BESs include a significant share of 
operational costs; consequently, vessels covering greater distances 
have higher annual costs. However, the influence of historical travel 
distance on costs presents a challenge when interpreting the impact 
of cost parameters. To address this challenge, we calculate the LCOT 
in US$ km−1. This calculation involves dividing the total costs for both 
ICE and BES technologies by the travel distance. Lower LCOT values 
indicate that less expense is incurred to cover the same distance25.

The LCOT of ICE ships (LCOTICEv,sc), in US$ km−1, is total cost over 
travel distance (TDv):

LCOTICEv,sc = (CFuelv,sc + COM,ICEv,sc + CEM,ICEv,sc ) × TD−1
v (11)

where the total cost is the sum of fuel cost (CFuelv ) for the ICE ship’s activ-

ity, operation and maintenance cost (COM,ICEv,sc ) and the cost of its emis-

sions (CEM,ICEv,sc ), including the social cost of CO2e and damages from NOx 

and SOx air pollution.
On the other hand, the LCOT for the BES, LCOTBESv,pX,sc, is the total 

cost of the BES over its total travel distance (TDv,pX):

LCOTBESv,pX,sc = (
CBv,pX,sc + CChv,pX,sc + CCIv,pX,sc+

COM,BESv,sc + CEm,BESv,pX,sc − V SLBv,pX,sc

) × TD−1
v,pX (12)

where the total cost includes battery system cost (CBv,pX,sc), charging 
cost (CChv,pX,sc), charging infrastructure cost (CCIv,pX,sc)  operation and 

maintenance cost (COM,BESv,sc ) and emissions cost (CEm,BESv,pX,sc), while reimburs-

ing for SLB value (V SLBv,pX,sc). Detailed explanation of each cost compo-
nent’s calculation can be found in Supplementary Note 6.

Weight estimation
In the context of a physical feasibility assessment, we compared the 
weight of BESs and ICEs. To consider the entire weight of the vessels, 
we estimated their displacement based on gross tonnage as explained 
in Supplementary Note 1. As displacement includes the maximum fuel 
weight and engine weights, when estimating the weight of ICE ships 
corresponding to BESs with lower-capacity tiers, we subtracted the 
maximum fuel weight for their longest trip and added the fuel weight 
required to serve the reference trip of capacity tier pX . For BES ships, 
we excluded the estimated weight of the main and auxiliary engines 
and the maximum fuel weight from the displacement, while including 
the estimated weight of the battery system and electric motor.

Our focus is to emphasize the ship’s structural capacity to 
accommodate the weight of the battery system. We also highlight the 
practicality of implementing a battery electric propulsion system, par-
ticularly in terms of its impact on the overall weight of the ship. Further 
description of estimating the weight of ICEs and BESs is presented in 
Supplementary Note 7.

Grid requirements for vessel electrification
The grid requirement for each port is calculated according to the pro-
cess illustrated in Supplementary Fig. 39. The charging schedule for each 
vessel is determined in advance and then integrated into the nearest 
port. The energy requirements for each port are calculated by sum-
ming all charging requirements for all vessels over the year. The energy 
requirements for each port are then aggregated by state. If a port falls 
within multiple states, the requirements are divided among those states.

Data availability
We utilized three types of data to analyse ship activities: vessel stock 
and technical specifications, Automatic Identification System (AIS) 
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vessel location data and port location data. The vessel stock and 
specification data were integrated from three data sources: the US 
Coast Guard, the US Army Corps of Engineers and IHS Markit. The 
US Coast Guard data are available at https://www.dco.uscg.mil/
Our-Organization/Assistant-Commandant-for-Prevention-Policy-CG
-5P/Commercial-Regulations-Standards-CG-5PS/Office-of-Standards- 
Evaluation-and-Development-CG-REG/Annual-Vessel-Statistics/ (2021). 
The US Army Corps of Engineers data are available at https://usace.con-
tentdm.oclc.org/utils/getfile/collection/p16021coll2/id/7440 (2021). 
Vessel characteristics data are available from IHS Markit, though restric-
tions apply as these data are proprietary and require a user license to 
access. The port location data are available at https://geodata.bts.gov/
datasets/usdot::principal-ports/about. IHS Markit can be contacted via 
https://ihsmarkit.com. The AIS data are available at https://marineca-
dastre.gov/ais/ (2022). Detailed descriptions of data and assumptions 
that support the findings of this study are presented in the Article, 
Methods and Supplementary Information. Source data are provided 
with this paper.

Code availability
The LCA tool is provided as Supplementary Software 1, available in the 
supplementary files. The mathematical description of the Maritime 
Battery Electrification Simulator (MariBES), including the objective 
functions, constraints and parameter assumptions, is documented in 
detail in the Article, Methods and Supplementary Information. Running 
the full code requires proprietary third-party data from IHS Markit as 
user licences are required to access the underlying data (as noted in 
the data availability statement). The source code is available under 
Maritime Battery Electrification Simulator (MariBES) v1 Copyright (c) 
2024, The Regents of the University of California, through Lawrence 
Berkeley National Laboratory. Inquiries can be directed to the corre-
sponding author or to IPO@lbl.gov.
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