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Abstract:- The U.S. maritime industry plays a significant 

role in global trade and is a substantial contributor to 

carbon emissions, with the sector facing increasing 

pressure to decarbonize in line with global climate goals. 

This paper discusses the challenges and strategies for 

decarbonizing the U.S. maritime industry, laying 

emphasis on the adoption of zero-emission vessel (ZEV) 

technologies, such as battery-electric ships, hydrogen fuel 

cells, wind-assisted propulsion, and alternative fuels like 

bio-LNG and ammonia. Despite the availability of these 

technologies, the transition to ZEVs faces several 

barriers, including high capital costs, regulatory 

inconsistencies, and insufficient infrastructure. Existing 

regulatory frameworks, including the International 

Maritime Organization’s (IMO) emissions targets, the 

U.S. Clean Air Act, and the U.S. Coast Guard 

requirements, offer some guidance but are often 

fragmented and insufficiently aligned to foster 

widespread adoption of decarbonization technologies. 

Upcoming mandates, such as the IMO's 2050 target, 

further brings to view the urgency of this transition. 

However, gaps in regulations and the lack of incentives 

hinder technological innovation and fleet modernization. 

The paper also discusses the need for enhanced 

governmental involvement, with organizations like the 

Environmental Protection Agency (EPA), the Maritime 

Administration (MARAD), and the U.S. Coast Guard 

playing a critical role in streamlining policies and 

supporting the adoption of zero-emission technologies. It 

also emphasizes the importance of addressing 

infrastructure gaps related to fueling, charging, and port 

readiness for ZEVs. Furthermore, it highlights 

operational challenges such as range, performance, and 

energy density concerns that must be overcome for ZEVs 

to become commercially viable. The paper advocates for 

stronger policy frameworks, including subsidies, tax 

incentives, carbon pricing, and investment in research 

and development, to drive the transition. Public-private 

partnerships and industry collaboration are essential to 

overcoming financial barriers and creating a sustainable, 

decarbonized maritime sector. By implementing these 

strategies, the U.S. maritime industry can significantly 

reduce its emissions, contribute to global climate goals, 

and set a precedent for sustainable maritime practices 

worldwide. 
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I. INTRODUCTION 

 

 Overview of Global Maritime Emissions and the Role of 

the U.S. Maritime Industry. 

The maritime industry plays a significant role in global 

trade and transport, yet it is also one of the most substantial 

contributors to greenhouse gas (GHG) emissions with about 

2.6% of global GHG (Khalili et al., 2019). Worldwide, 

maritime shipping accounts for nearly 2-3% of global GHG 

emissions, releasing approximately one gigaton of CO₂ 

annually (Lindstad et al., 2011). These emissions primarily 
arise from the combustion of fossil fuels in ship engines, 

contributing not only to global warming but also to air 

pollution and ocean acidification. With increasing 

international trade volumes, emissions from the shipping 

sector are projected to grow significantly to about 17% of 

world emission by 2050 if no effective decarbonization 

measures are implemented (Halim et al., 2018). This trend 

highlights the urgent need for emission-reduction strategies 

that address both current levels and future growth in maritime 

transportation. 

 

As one of the largest players in the global shipping 
sector, the United States holds a pivotal role in shaping and 

implementing decarbonization strategies within the industry. 

The U.S. maritime sector is responsible for a substantial 

portion of emissions due to its expansive trade networks and 

high demand for goods transport (Cristea et al., 2013). For 

instance, American ports handle a significant volume of cargo 

annually, resulting in high fuel consumption and, 

consequently, elevated CO₂ emissions. The U.S. is thus 

uniquely positioned to drive the adoption of zero-emission 
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technologies and sustainable practices within its own fleets 

and supply chains, setting an example for other maritime 

nations. However, achieving this requires overcoming both 

regulatory and operational challenges specific to the 

American maritime infrastructure, ranging from updating old 

vessels to investing in clean technologies like battery-electric 

or hydrogen-fueled ships (Fletcher et al., 2022). 

 
The U.S. is already making strides to address these 

emissions in alignment with international frameworks, such 

as the Marine Environment Protection Committee (MEPC 

72) targets to reduce GHG emissions by 50% by 2050 (Walsh 

et al., 2019). Despite these efforts, decarbonizing the U.S. 

maritime industry remains complex, as it involves balancing 

emissions reduction goals with the economic importance of 

maritime trade. To address this dual challenge, the U.S. must 

adopt regulatory frameworks, public-private partnerships, 

and innovations in zero-emission vessel (ZEV) technologies 

(Behforouzi et al., 2023). In doing so, the U.S. maritime 

industry can lead in global efforts to reduce the carbon 

footprint of shipping while supporting economic growth 

through cleaner, more efficient maritime operations. 

 
The framework for analyzing the economic impact, 

traffic demand, and mitigation measures for freight transport, 

with a specific focus on emissions in the maritime sector as 

illustrated in Figure 1. It integrates economic, traffic demand, 

and mitigation measures analyses to quantify freight transport 

activities and associated emissions. 

 

 
Fig 1 Modeling Framework for Estimating International Shipping CO2 Emissions. 

Source: Halim et al., (2018). Decarbonization pathways for international maritime transport: A model-based  

policy impact assessment. 
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 Economic Impact Analysis 

The chart begins with a Trade Forecast Model based 

on Computable General Equilibrium (CGE), a widely 

used approach in economic modeling to assess trade impacts 

on emissions. CGE models simulate the response of 

economic agents to changes in policy or external factors, 

making them useful for international trade forecasting and 

emissions projections (Babatunde et al., 2017). 
 

 Traffic Demand Analysis 

The next phase involves a Traffic Demand Analysis 

that uses geographic, trade, and economic profiles to estimate 

transportation needs. This includes several stages such as the 

trade flow disaggregation model, value-to-weight model, 

mode choice model and route choice model. 

 

While the Trade Flow Disaggregation Model breaks 

down aggregated trade values into specific trade flows, 

ensuring accurate route and mode selection for various 
commodities (French 2016), the Value-to-Weight Model 

estimates the weight of transported goods based on their 

value, which is critical for choosing the mode of transport 

(Martinez-Zarzoso & Nowak-Lehmann, 2007), the Mode 

Choice Model selects transportation modes (e.g., maritime, 

rail, air) based on cost, travel time, and distance. Studies 

suggest that mode choice is strongly influenced by the value-

to-weight ratio, as high-value goods often prioritize faster 

transport (Dettmer et al., 2014) and the Route Choice Model 

determines the optimal routes for different commodities 

based on port tariffs, network models, and distances, 

factoring in operational costs and environmental 
considerations (Reis 2014). 

 

 Mitigation Measures Analysis 

Mitigation Measures Analysis is segmented into data 

inputs, operational measures, technical measures, and 

alternative fuel measures, each of which contributes to 

emissions reduction. The Operational Measures strategizes to 

optimize fuel usage, such as slow steaming or route 

optimization (Hernandez-Aramburo et al., 2005), the 

Technical Measures allows for the implementation of 

energy-efficient technologies like hull modifications, 
propeller retrofitting, or air lubrication systems (Banks 2015), 

while the Alternative Fuel Measures allows for the adoption 

of low-carbon fuels such as LNG, biofuels, or hydrogen, to 

reduce CO₂ emissions (Lam et al., 2022). 

 

This framework provides a structured approach to 

quantify emissions, making it possible to evaluate the impact 

of decarbonization strategies in the maritime sector. 

 

 

 
 

 The Need for Decarbonization: Addressing Climate 

Change, Regulatory Pressures, and Environmental Goals 

The urgency to decarbonize the maritime industry stems 

from its significant environmental impact, regulatory 

demands, and alignment with global environmental goals. 

The industry contributes a notable share to global greenhouse 

gas (GHG) emissions, estimated between 2-3% of the world’s 

total (Lindstad et al., 2011) and, without intervention, these 
emissions could increase by 50-250% by 2050 due to growing 

global trade volumes (Halim et al., 2018). This substantial 

carbon footprint further buttresses the need for 

decarbonization, especially as GHG emissions from shipping 

directly contribute to climate change, ocean acidification, and 

pollution. Climate models indicate that reducing carbon 

emissions in all sectors, including maritime, is critical to 

limiting global temperature rise to below 2°C, as targeted in 

the Paris Agreement (Rogelj et al., 2016). 

 

In response to these environmental concerns, the 
International Maritime Organization (IMO) has established 

targets aimed at reducing carbon intensity by at least 40% by 

2030 and total GHG emissions by 50% by 2050, relative to 

2008 levels (Joung et al., 2020; Bullock et al., 2022). These 

targets, though ambitious, are necessary steps in curbing 

maritime emissions and encouraging innovation in 

sustainable shipping. However, regulatory pressures have 

intensified, especially as nations increasingly adopt stringent 

national policies to complement IMO guidelines. In the U.S., 

for example, environmental agencies have proposed policies 

under the Clean Air Act to enforce lower emissions standards 

on domestic vessels and compliance with these standards is 
essential not only to avoid penalties but also to foster a 

sustainable maritime industry that aligns with global climate 

initiatives (Torbitt & Hildreth 2010). 

 

Furthermore, decarbonization aligns with broader 

environmental goals aimed at enhancing ocean health and 

protecting biodiversity. Pollutants such as sulfur oxides 

(SOx), nitrogen oxides (NOx), and particulate matter from 

traditional fossil-fueled vessels contribute to air and water 

pollution, affecting marine ecosystems and coastal 

communities (dos Santos et al., 2022). Decarbonization 
through zero-emission technologies and alternative fuels not 

only addresses climate change but also mitigates these 

adverse ecological impacts, supporting the United Nations 

Sustainable Development Goal (SDG) 14 on "Life Below 

Water" and SDG 13 on "Climate Action" (Das & Ghosh, 

2023; Bashiru et al., 2024). These efforts buttress the critical 

role of decarbonization in preserving environmental quality 

and promoting sustainable maritime practices globally. 

 

Achieving a zero-carbon transport system as depicted in 

figure 2 is technically feasible but poses significant 

challenges. It requires immediate and sustained efforts, along 
with coordinated action from all stakeholders, to address the 

complex obstacles involved in this transition (Shelar 2024). 
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Fig 2 Towards Zero Net-Impact Emissions. 

Source: Shelar, R. (2024). Accelerating the Shift to Electric: Challenges, Opportunities and Strategies. 

 

 Key Zero-Emission Technologies: Battery-Electric Ships, 

Hydrogen Fuel Cells, Wind-Assisted Propulsion, and 

Alternative Fuels like Bio-LNG and Ammonia 

The maritime industry has increasingly turned to zero-

emission technologies to meet global decarbonization targets, 
with several promising solutions emerging as viable 

pathways to reduce greenhouse gas emissions from ships. 

Among these technologies are battery-electric ships, 

hydrogen fuel cells, wind-assisted propulsion systems, and 

alternative fuels such as bio-LNG and ammonia. Each offers 

distinct advantages and faces unique challenges in 

application. 

 

Battery-electric ships represent a significant step 

forward in reducing emissions, especially for short-sea 

shipping routes where battery storage capacity can meet the 

energy demands of the voyage (Jeong et al., 2022) as 

illustrated in figure 3. These vessels rely on large, high-
capacity batteries to store electricity, eliminating the need for 

conventional fossil fuels and producing zero operational 

emissions. Battery-electric solutions are already operational 

in several ferry systems and small cargo vessels in Norway 

and Sweden, demonstrating their viability on short-haul 

routes (Ayers, 2020). However, challenges remain, such as 

the high cost of battery technology and the need for charging 

infrastructure at ports result in poor adoption (Manuel et al., 

2024). 

 

 
Fig 3 Battery-Electric Ships for Short-Sea Shipping Routes 
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Hydrogen fuel cells are another promising zero-

emission technology, converting hydrogen into electricity 

through an electrochemical process, with water as the only 

byproduct (Perčić et al., 2022; Godwins et al., 2024). 

Hydrogen-powered vessels have the potential to achieve zero 

emissions while offering greater energy density compared to 

batteries, making them suitable for longer voyages. Yet, 

hydrogen storage and production costs, as well as 
infrastructure for refueling, pose significant obstacles to 

widespread adoption. Recent projects, such as the European 

HYDROMARINE initiative, are exploring scalable hydrogen 

applications for commercial shipping (Kamran & Turzyński, 

2024). 

 

Wind-assisted propulsion systems use wind power to 

reduce fuel consumption, using technologies such as rotor 

sails, kites, and rigid sails to provide auxiliary propulsion 

(Hasan et al., 2024; Okeke et al., 2024). These systems can 

be retrofitted on conventional ships, allowing them to reduce 
emissions without completely replacing existing engines 

(Chou et al., 2021). Wind-assisted solutions are particularly 

effective in windy routes, providing up to a 20% reduction in 

fuel use under optimal conditions (Petković et al., 2021). 

Despite this, their effectiveness is highly dependent on 

weather conditions, and they are typically used as 

supplementary, rather than primary, propulsion system 

(Idoko et al., 2024). 

 

Alternative fuels like bio-LNG and ammonia have also 

emerged as potential zero-emission solutions. Bio-LNG, a 

renewable form of liquefied natural gas, offers significant 

emissions reductions over conventional LNG by deriving 

methane from organic waste rather than fossil sources (Lam 

et al., 2022). Ammonia, meanwhile, is gaining attention as a 

carbon-free fuel alternative, emitting only nitrogen and water 

vapor when used in fuel cells or internal combustion engines 

(Jafar et al., 2024). While both bio-LNG and ammonia offer 

promising emissions benefits, there are concerns about 
ammonia's toxicity and the production costs of bio-LNG, 

along with infrastructure requirements for safe handling and 

distribution (Jesse 2021). 

 

Each of these zero-emission technologies provides a 

pathway to reduce maritime emissions, yet none is without its 

challenges. The successful adoption of these technologies 

will require addressing infrastructural needs, operational 

limitations, and cost barriers, as well as tailoring solutions to 

specific shipping routes and vessel types. 

 
The projected shift in the maritime fuel mix from 2015 

to 2035, indicating a gradual transition from heavy fuel oils 

(HFO) and marine fuel oils (MFO) toward alternative, lower-

emission fuels, including biofuels, LNG, and hydrogen-based 

fuels (hydrogen and ammonia) is depicted in figure 4. This 

trend aligns with global decarbonization goals, with various 

studies underscoring the need for sustainable fuel alternatives 

to meet International Maritime Organization (IMO) 

greenhouse gas (GHG) reduction targets (Bullock et al., 2022; 

Joung et al., 2020). 

 

 
Fig 4 Fuel mix evolution between 2015 and 2035 for 80% carbon factor reduction. 

Source: Halim et al., (2018). Decarbonization pathways for international maritime transport: A model-based policy impact 

assessment. 

 

 Heavy Fuel Oil (HFO)/Marine Fuel Oil (MFO) 

The chart shows a significant decrease in the reliance on 

HFO/MFO, from nearly 100% in 2015 to close to 0% by 

2035. HFO has traditionally dominated maritime fuel due to 

its low cost and high energy density. However, it is also a 

major contributor to CO₂ and sulfur oxide (SOx) emissions, 

driving the push toward cleaner alternatives (dos Santos et al., 

2022). This reduction is consistent with research that 
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indicates a shift away from HFO/MFO is essential for 

achieving substantial emissions reductions in maritime 

transport (Al-Enazi et al., 2021). 

 

 LNG (Liquefied Natural Gas) 

LNG gains a modest share in the fuel mix from around 

2020, peaking slightly before 2030. LNG is considered a 

"bridge fuel" due to its lower CO₂ emissions compared to 
HFO and MFO, though it is still a fossil fuel and not carbon-

neutral. LNG adoption faces challenges due to infrastructure 

requirements and concerns about methane slip, which can 

undermine its GHG reduction benefits (Pavlenko et al., 

2020). 

 

 Biofuels 

Biofuels start to make an appearance in the fuel mix 

around 2025 and grow gradually. Biofuels, derived from 

organic materials, offer a renewable alternative to fossil fuels 

and can be compatible with existing marine engines, which 
makes them a viable short-to-medium-term solution (Datta, 

et al., 2019). 

 

Research supports biofuels as a decarbonization 

strategy, given their relatively low lifecycle emissions, 

although scalability and competition with food resources are 

noted challenges (Leblanc et al., 2022). 

 

 Hydrogen and Ammonia 

The most significant growth in alternative fuels is seen 

in hydrogen and ammonia, which dominate the fuel mix by 
2035. Hydrogen and ammonia are zero-carbon fuels and 

represent promising long-term solutions for deep 

decarbonization, although they require substantial 

advancements in storage, handling, and engine compatibility 

(Perčić et al., 2022). 

 

II. REGULATORY FRAMEWORKS AND 

POLICY CHALLENGES 

 

 Existing U.S. Maritime Emissions Regulations: IMO, 

MARPOL, Clean Air Act, and U.S. Coast Guard 

Requirements 
The United States maritime industry is regulated by a 

combination of international and domestic standards to 

manage and mitigate emissions. These regulations, including 

those from the International Maritime Organization (IMO), 

the International Convention for the Prevention of Pollution 

from Ships (MARPOL), the Clean Air Act, and U.S. Coast 

Guard requirements, together shape the legal framework for 

emissions control and environmental protection in U.S. 

waters. 

 

The IMO is a specialized United Nations agency 
responsible for setting global standards for the safety, 

security, and environmental performance of international 

shipping (Christodoulou & Echebarria Fernández, 2021). The 

IMO’s Marine Environment Protection Committee (MEPC) 

established regulations to curb maritime emissions through 

amendments to MARPOL, particularly Annex VI, which 

addresses air pollution from ships (Slišković et al., 2023). 

MARPOL Annex VI enforces limits on sulfur oxide (SOx) 

and nitrogen oxide (NOx) emissions, mandating that vessels 

entering Emission Control Areas (ECAs), such as those along 
the North American coasts, reduce sulfur content in fuel to 

0.1% or use equivalent abatement technologies (Kim 2019). 

This regulation has been critical for the U.S., as it borders two 

designated ECAs—the North American and U.S. Caribbean 

Sea ECAs—which aim to improve air quality and reduce 

marine emissions along heavily trafficked routes. 

 

The Clean Air Act (CAA), administered by the 

Environmental Protection Agency (EPA), provides a robust 

domestic regulatory framework that extends beyond 

MARPOL Annex VI. Section 213 of the Clean Air Act 
specifically empowers the EPA to set emissions standards for 

non-road engines and vehicles, which include marine engines 

used in U.S. waters (Chang 2011). The act mandates 

progressively stringent emissions standards for sulfur oxides, 

nitrogen oxides, particulate matter, and greenhouse gases, and 

it regulates fuel sulfur content to reduce air pollution from 

maritime sources (Vedachalam et al., 2022). Additionally, the 

CAA requires vessels operating within U.S. waters to adhere 

to National Ambient Air Quality Standards (NAAQS), further 

limiting pollutants that contribute to environmental 

degradation and public health issues (Sterling 2020). 

 
The U.S. Coast Guard (USCG) plays a complementary 

role by enforcing compliance with IMO and domestic 

environmental regulations. The USCG is responsible for 

monitoring and ensuring that vessels operating in U.S. waters 

adhere to MARPOL standards, as well as those set under the 

CAA. Coast Guard inspectors conduct routine checks and 

emissions tests, especially within ECAs, to verify 

compliance, issue penalties for violations, and promote the 

adoption of cleaner fuel technologies and emissions control 

systems (Ramseur & Reisch, 2008). The USCG also 

collaborates with the EPA and port authorities to develop 
protocols for vessel emissions monitoring and sustainable 

port management practices. 

 

These combined regulatory efforts are integral to 

reducing the environmental impact of the U.S. maritime 

industry. However, compliance with these regulations poses 

challenges, including the need for technological upgrades, 

alternative fuel adoption, and infrastructure investments. 

Together, IMO, MARPOL, the Clean Air Act, and U.S. Coast 

Guard requirements represent a comprehensive, multi-tiered 

approach to managing maritime emissions and advancing 

environmental sustainability in the shipping sector. Table 1 
illustrates the overview of emission areas with emphasis on 

the Annex VI prevention of air pollution by ships. 
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Table 1 Overview of Emission Areas 

Annex VI: Prevention of air pollution by ships (Emission Control Areas) 

 Emission 

Control Areas 

Adopted By Date of Entry 

in Force 

 

In effect from 

1. 

 

Baltic Sea 

(SOx) 

(NOx) 

26-Sep-1997 

07-Jul-2017 

19-May-2005 

01-Jan-2019 

19-May-2006 

01-Jan-2021 

A ship constructed on or after 1 January 2021 and is 

operating in these emission control areas shall 

comply with NOX Tier III standards set forth in regulation 

13.5 of MARPOL Annex VI. 

2. North Sea 

(SOx) 
(NOx) 

22-Jul-2005 

07-Jul-2017 

22-Nov-2006 

01-Jan-2019 

22-Nov-2007 

01-Jan-2021 
A ship constructed on or after 1 January 2021 and is 

operating in these emission control areas shall comply with 

NOX Tier III standards set forth in regulation 

13.5 of MARPOL Annex VI. 

3. North 

American ECA 

(SOx and PM) 

(NOx) 

26-Mar-2010  

 

 

01-Aug-2011 

01-Aug-2012 

01-Jan-2016 

A ship constructed on or after 1 January 2016 and is 

operating in these emission control areas shall comply with 

NOx Tier III standards set forth in regulation 13.5 of 

MARPOL Annex VI. 

 

 

4. 

United States 

Caribbean Sea 

ECA (SOx and 
PM) 

(NOx) 

 

 

26-Jul-2011 

 

 

01-Jan-2013 

01-Jan-2014 

01-Jan-2016 

A ship constructed on or after 1 January 2016 and is 
operating in these emission control areas shall 

comply with NOx Tier III standards 

set forth in regulation 13.5 of MARPOL Annex VI. 

Source: Kim (2019). Regulatory Regime Governing Maritime Air Pollution and Legal Compliance  

Alternatives in Era of Sulphur Capping 2020. 

 

 Upcoming Mandates and Decarbonization Targets: 

IMO’s 2050 Target and U.S. Domestic Initiatives 

The maritime industry is undergoing significant 

regulatory shifts as international and domestic bodies set 

ambitious decarbonization targets. The International 

Maritime Organization (IMO) leads global efforts with its 
landmark target to reduce total greenhouse gas (GHG) 

emissions from international shipping by at least 50% by 

2050 compared to 2008 levels (Bullock et al., 2022). This 

goal, outlined in the IMO’s Initial GHG Strategy, also 

includes a commitment to phase out emissions entirely within 

the century, aspiring to eventually achieve a carbon-neutral 

maritime industry (Duus). The strategy mandates 

intermediate targets as well, such as reducing the carbon 

intensity of international shipping by 40% by 2030, which 

incentivizes the adoption of low- and zero-emission 

technologies and operational efficiencies across the global 

fleet (Joung et al., 2020). 
 

Complementing the IMO’s initiatives, the U.S. 

government has introduced several domestic measures to 

support maritime decarbonization. The U.S. Environmental 

Protection Agency (EPA) and the Department of 

Transportation (DOT) are spearheading efforts to align 

national policy with international GHG reduction goals by 

introducing stricter emissions standards and encouraging the 

use of alternative fuels. Recent policies under the Clean Air 

Act target emissions from marine vessels operating within 

U.S. waters, which significantly contribute to coastal air 
pollution and GHG levels (Hansen-Lewis & Marcus, 

2022).  The Biden Administration’s commitment to 

achieving net-zero emissions across the entire economy by 

2050 further reinforces these regulatory efforts, prompting 

initiatives like the “Green Shipping Corridor” partnerships, 

where the U.S. collaborates with international ports to 

establish low-emission trade routes using zero-emission 
vessels (Ismail 2023). 

 

To support these goals, the U.S. Maritime 

Administration (MARAD) has introduced funding programs 

for research and development (R&D) in sustainable maritime 

technologies, focusing on innovations in battery-electric, 

hydrogen fuel cell, and wind-assisted propulsion systems 

(Egeli & Guttormsen, 2024). Additionally, the Biden 

Administration has prioritized investment in port 

infrastructure, allocating funds to modernize U.S. ports with 

shore-side power facilities and alternative fuel stations, which 

are critical to supporting the transition to zero-emission 
vessels (Alamoush et al., 2023). Such investments underscore 

the importance of building the necessary infrastructure for 

alternative fuels and low-emission operations, as achieving 

decarbonization targets will require a robust, scalable 

network of refueling and recharging facilities along key 

shipping routes (Serra & Fancello, 2020). 

 

These upcoming mandates and decarbonization 

initiatives illustrate a shift toward a more sustainable 

maritime sector, reflecting the urgency of reducing shipping 

emissions in line with broader climate goals. Both the IMO’s 
global mandate and U.S. domestic policies highlight the need 
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for continued innovation and public-private partnerships to 

advance zero-emission solutions, ultimately aiming to 

decouple maritime industry growth from its environmental 

impact. 

 

The "maximum intervention" pathway represents the 

most ambitious emissions reduction strategy aimed at 

achieving zero emissions. In this pathway, maximum speed 

reduction begins in 2020, reaching its highest reduction level 

by 2030. Meanwhile, other measures, such as improvements 

in energy efficiency and the adoption of zero-carbon fuels, 

are gradually implemented, as shown in Figure 5. 

 

 
Fig 5 “Maximum Intervention” Pathway. 

Source: Halim et al., (2018). Decarbonization pathways for international maritime transport: A model-based  

policy impact assessment. 

 

Disregarding potential negative impacts on international 

trade, such as longer transport times, a drastic reduction in 

speed could lower CO₂ emissions by 43% by 2030. However, 

speed reduction alone will not be enough to achieve zero 

carbon emissions by 2035, as the anticipated growth in 

international trade will begin to counteract the benefits of this 

measure by 2030. In contrast, implementing technical 
measures will help sustain a downward trend in emissions 

from 2030 to 2035 (Halim et al., 2018). 

 

 Gaps and Inconsistencies in Regulatory Frameworks 

Hindering Zero-Emission Technology Adoption 

The transition to zero-emission technologies in the 

maritime industry is hindered by several regulatory gaps and 

inconsistencies, particularly at the interface between 

international and domestic policies. One of the primary 

challenges is the lack of uniformity in global standards for 

emission reduction targets and technology adoption 

(Amandolare 2010). While the International Maritime 
Organization (IMO) has set ambitious targets for greenhouse 

gas (GHG) reduction, there is no consensus among member 

states on specific pathways to meet these goals (Serra & 

Fancello, 2020). This results in fragmented regulatory 

frameworks, creating challenges for companies that operate 

across multiple jurisdictions (Scott 2001). For instance, some 

countries have stricter emission standards than others, and 

differing national standards on sulfur and nitrogen oxide 

emissions lead to compliance complexity, raising costs for 

shipping companies (Vedachalam et al., 2022). 

 

Additionally, current IMO regulations, including 

MARPOL Annex VI, primarily focus on limiting sulfur 

emissions rather than addressing GHG emissions 

comprehensively. Although the IMO’s Initial GHG Strategy 
sets a goal of a 50% reduction in emissions by 2050, its 

guidelines lack specific enforcement mechanisms and robust 

compliance measures, leaving individual states to enforce the 

regulations on their own (Suwonnawong 2024). This 

inconsistency has led to a “compliance gap” where vessels 

can avoid stricter standards by rerouting through jurisdictions 

with more lenient policies, undermining global 

decarbonization efforts (Ibokette et al., 2024). 

 

In the U.S., while the Clean Air Act provides regulations 

on nitrogen and sulfur oxides, it does not specifically address 

GHG emissions for maritime vessels, resulting in a regulatory 
blind spot that fails to comprehensively target carbon 

emissions from domestic shipping (Chang 2011). 

Furthermore, the Clean Air Act’s focus on air pollutants 

rather than GHGs creates a disconnect between national 

policies and the international GHG reduction agenda. This 

disjointed approach restricts the scope of low- and zero-

emission technologies, as these technologies often require 

consistent support and incentives across all operating regions 

to be economically viable (Baranova 2023). 
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Infrastructure limitations also exacerbate regulatory 

challenges, as insufficient port facilities and refueling 

infrastructure for alternative fuels like hydrogen, ammonia, 

or battery-electric solutions limit the practicality of zero-

emission vessels (Bashiru et al., 2024). Although the U.S. has 

made strides in investing in cleaner port infrastructure, these 

efforts remain inconsistent across states, which creates an 

uneven playing field for operators attempting to adopt zero-
emission technologies (Alamoush et al., 2023). 

 

 Role of Governmental Bodies: EPA, MARAD, and U.S. 

Coast Guard in Streamlining Policies 

Governmental bodies, including the Environmental 

Protection Agency (EPA), the U.S. Maritime Administration 

(MARAD), and the U.S. Coast Guard, play essential roles in 

shaping and enforcing policies that support the 

decarbonization and environmental sustainability of the 

maritime industry. Each organization contributes distinct 

functions to streamline policies, create regulatory 
consistency, and foster the adoption of low- and zero-

emission technologies in U.S. waters. 

 

The EPA plays a central role in developing and 

enforcing environmental regulations for emissions from 

marine vessels under the Clean Air Act (CAA). The EPA sets 

standards for emissions of nitrogen oxides (NOx), sulfur 

oxides (SOx), and particulate matter (PM) from marine 

engines, as well as regulates fuel sulfur content, aiming to 

improve air quality and minimize adverse health impacts 

from vessel emissions (Vedachalam et al., 2022; Ijiga et al., 

2024). The EPA also administers incentives for research and 
development (R&D) in alternative fuels and emission control 

technologies, supporting innovation in zero-emission 

maritime solutions (Cunningham et al., 2013). Through these 

measures, the EPA aligns domestic maritime policies with 

international standards, such as the International Maritime 

Organization’s (IMO) MARPOL Annex VI, thus fostering 

smoother compliance for vessels operating between U.S. and 

international waters. 

 

MARAD, as the federal agency overseeing the U.S. 

maritime industry, plays a vital role in policy development 
and strategic investments for sustainable maritime 

infrastructure. MARAD’s primary focus includes funding 

R&D initiatives for emerging technologies such as hydrogen 

fuel cells, battery-electric vessels, and shore-side 

electrification in U.S. ports (Egeli & Guttormsen, 2024). The 

agency provides grants under programs like the “Port 

Infrastructure Development Program,” which allocates funds 

to upgrade port facilities with cleaner, low-emission 

infrastructure and fuel storage solutions, enabling the 

deployment of zero-emission technologies (Alamoush et al., 

2023). Additionally, MARAD collaborates with the private 

sector to advance the adoption of green shipping corridors 
and zero-emission vessels, helping create long-term 

sustainability across U.S. maritime trade routes (Ismail 2023). 

 

The U.S. Coast Guard (USCG) complements these 

efforts by enforcing both domestic and international 

environmental standards within U.S. waters. The Coast Guard 

monitors vessel compliance with emissions standards under 

the CAA, MARPOL Annex VI, and other international 

agreements, conducting regular inspections and emission 

checks, particularly within Emission Control Areas (ECAs) 

along the North American coastlines (Ramseur & Reisch, 

2008). The USCG also provides guidelines and technical 

assistance to vessel operators to implement emission control 

technologies and alternative fuel systems safely (Rahman 

2015). By partnering with the EPA and MARAD, the USCG 
ensures regulatory consistency and facilitates compliance for 

vessels transiting through U.S. waters, supporting a smoother 

integration of low-emission technologies. 

 

Together, the EPA, MARAD, and the USCG work 

collaboratively to streamline and enforce policies that 

facilitate the transition to sustainable maritime operations. 

Their collective efforts enhance regulatory alignment across 

federal and international standards, foster infrastructure and 

technology development, and encourage industry-wide 

compliance, driving the U.S. maritime sector toward 
decarbonization. 

 

III. TECHNOLOGICAL AND 

OPERATIONAL BARRIERS 

 

 Challenges in Developing and Scaling Zero-Emission 

Vessel (ZEV) Technologies 

Developing and scaling zero-emission vessel (ZEV) 

technologies for the maritime industry presents a range of 

technical, economic, and infrastructure-related challenges. 

Despite the environmental benefits, the transition to ZEVs 

requires overcoming significant obstacles associated with 
energy storage, high costs, and a lack of refueling 

infrastructure, as well as meeting operational demands for 

long-range travel. 

 

One of the foremost technical challenges is energy 

density. Unlike fossil fuels, current battery and hydrogen 

storage technologies have relatively low energy densities, 

making them difficult to deploy effectively in long-haul 

shipping where vessels require high amounts of energy over 

extended distances (Gray et al., 2021). For example, battery-

electric propulsion is feasible for smaller vessels and short sea 
shipping but remains impractical for large cargo ships that 

operate on transoceanic routes, as batteries would take up too 

much space and weight (Jeong et al., 2022). Similarly, 

hydrogen and ammonia fuel cells, while promising, face 

storage limitations because they require high-pressure tanks 

or cryogenic temperatures, adding complexity and costs to 

vessel designs (Aziz et al., 2020). 

 

The economic feasibility of ZEVs is another critical 

challenge. The high initial costs associated with adopting 

alternative fuel technologies like battery-electric, hydrogen, 

and ammonia systems are a major barrier for many shipping 
companies (Owolabi et al., 2024). Additionally, alternative 

fuels like green hydrogen and ammonia remain expensive due 

to limited production and distribution infrastructure, as well 

as high energy requirements for their synthesis, particularly 

when produced from renewable sources (Igba et al., 2024). 

The high cost of developing these technologies, coupled with 

limited access to affordable green fuels, makes ZEV adoption 
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economically challenging, especially for small- and medium-

sized operators who may lack the capital to invest in new 

technology. 

 

Another significant challenge lies in the infrastructure 

needed to support ZEV adoption. Ports require extensive 

upgrades to accommodate alternative fuels, such as hydrogen 

or ammonia storage and refueling facilities, which currently 
exist only in limited areas (Serra & Fancello, 2020). This lack 

of widespread infrastructure hinders the practicality of using 

ZEVs on many maritime routes, as vessels must rely on a 

consistent network of fueling stations to operate efficiently 

(Kamran & Turzyński, 2024). Additionally, developing new 

bunkering systems compatible with alternative fuels involves 

stringent safety and regulatory considerations due to the 

flammable and toxic nature of certain alternative fuels, such 

as ammonia (Idoko et al., 2024). 

 

Finally, scaling ZEV technologies in a manner that 
meets the operational demands of international shipping is 

complex. ZEV technologies often face performance 

limitations, such as lower power outputs or slower cruising 

speeds, which impact their ability to replace traditional 

vessels in high-demand shipping lanes (Chandran et al., 

2022). As a result, the scalability of ZEV technologies 

remains limited, with current options better suited to short-

sea or coastal applications rather than deep-sea international 

routes. 

 

Addressing these challenges will require coordinated 

efforts across government, industry, and regulatory bodies to 
increase funding for research and development, create 

incentives for green infrastructure investments, and 

implement supportive policies that make ZEVs financially 

viable and operationally competitive with conventional 

vessels (Ijiga et al., 2024). 

 

 

 

 

 

 Infrastructure Gaps: Fueling, Charging, and Port 

Readiness for Zero-Emission Vessels (ZEVs) 

The transition to zero-emission vessels (ZEVs) is 

heavily reliant on the development of supportive 

infrastructure, which currently presents significant gaps in 

fueling, charging, and overall port readiness. These 

infrastructure gaps pose major challenges for scaling ZEV 

technology adoption, as the availability of fueling and 
charging facilities at ports directly affects vessel operability, 

routing flexibility, and economic viability (Khalid et al., 

2021). 

 

One critical gap is the limited availability of alternative 

fuel bunkering infrastructure at ports. Technologies like 

hydrogen and ammonia fuel cells, which are promising for 

ZEV propulsion, require specialized fueling infrastructure 

due to the hazardous and volatile nature of these fuels (Aziz 

et al., 2020). Few ports worldwide are equipped with safe 

storage and bunkering facilities for hydrogen and ammonia, 
limiting ZEV deployment to specific regions that have 

invested in such infrastructure (Jesse 2021). The development 

of these facilities is further complicated by stringent safety 

and environmental regulations governing the handling of 

these fuels, which necessitate specialized training for port 

workers and robust safety protocols, adding to the costs and 

complexity of establishing such systems (Idoko et al., 2024). 

 

In addition to fuel bunkering, there is a significant gap 

in battery-electric charging infrastructure for ports aiming to 

support battery-powered ZEVs. Battery-electric propulsion, 

while ideal for short-sea and inland shipping, requires high-
capacity charging stations that are currently available at only 

a limited number of ports globally (Jeong et al., 2022) as 

depicted in figure 6. Establishing these charging stations is 

particularly challenging due to the high-power demand of 

large vessel batteries, which require significant upgrades to 

port electrical grids, including renewable energy sources and 

energy storage solutions to manage peak loads (Idoko et al., 

2024). Moreover, battery-charging infrastructure requires 

compatibility with a range of vessel types and charging 

standards, which is an additional barrier to widespread 

adoption (Oyediran et al., 2024). 
 

 
Fig 6 Zero Emission Vessel Charging Port 
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Port readiness also lags in terms of general 

infrastructure adaptations necessary to support ZEV 

operations. Ports must not only install fueling and charging 

stations but also upgrade facilities to handle vessel retrofits 

and maintenance specific to zero-emission technologies 

(Chou et al., 2021). For instance, hydrogen and ammonia 

engines have unique handling and storage requirements that 

necessitate specialized on-site equipment and trained 
personnel for safe operation. Furthermore, the lack of ZEV-

ready infrastructure creates operational delays and added 

costs for vessel operators who must rely on fewer, 

strategically located ports, limiting flexibility and efficiency 

in route planning (Hodge et al., 2022). 

 

Addressing these infrastructure gaps will require 

collaborated efforts and investment from government, private 

industry, and port authorities, as well as international 

regulatory support to ensure that ports worldwide adopt 

compatible and standardized systems. Establishing a robust 
network of fueling and charging facilities is essential for 

realizing the decarbonization potential of ZEVs and 

achieving emission reduction targets in the maritime industry 

(Ijiga et al., 2024). 

 

 Operational Limitations: Range, Performance, and 

Energy Density Concerns of Zero-Emission Vessel (ZEV) 

Technologies 

The adoption of zero-emission vessel (ZEV) 

technologies faces several operational limitations related to 

range, performance, and energy density, which present 

significant barriers to their widespread deployment in the 
maritime industry. These limitations are particularly acute for 

large, deep-sea vessels that require high energy inputs to 

operate efficiently over long distances. While ZEV 

technologies offer promising solutions for reducing 

greenhouse gas (GHG) emissions, their current technological 

constraints hinder their ability to fully replace conventional 

fossil-fueled vessels, especially for long-haul international 

shipping. 

 

 Range Limitations 

One of the primary operational concerns for ZEVs is 
their range, which is significantly impacted by the limitations 

of current energy storage systems. Battery-electric vessels, in 

particular, are limited by the energy density of batteries, 

which is much lower compared to conventional marine fuels 

such as heavy fuel oil or diesel. For example, while battery-

electric vessels are feasible for short-sea shipping or coastal 

operations, they struggle to provide the energy required for 

long-distance ocean voyages due to their relatively low range 

(Jeong et al., 2022). The lack of sufficient battery capacity to 

power large vessels for extended durations makes them 

unsuitable for deep-sea routes, where vessels must operate for 

days or weeks without refueling or recharging (Jeong et al., 
2022). 

 

Hydrogen and ammonia fuel cells, which offer higher 

energy densities than batteries, also face range limitations due 

to storage requirements. Hydrogen, for example, must be 

stored at extremely high pressures or at cryogenic 

temperatures, which adds significant weight and volume to 

the vessel, further limiting the amount of usable fuel and, 

consequently, the range (Barthélémy 2012). While ammonia 

is a promising alternative fuel due to its higher energy 

density, it requires complex handling and storage 

infrastructure, which adds operational complexity and raises 

concerns over safety and refueling reliability (Fletcher et al., 

2022). 

 

 Performance Concerns 

ZEV technologies also face performance limitations in 

terms of power output, speed, and operational flexibility. 

Vessels powered by batteries or fuel cells may struggle to 

match the power output of conventional vessels, especially 

when additional power is needed for speed or 

maneuverability in congested or challenging waters 

(Chandran et al., 2022). For instance, battery-electric ships 

generally experience slower speeds and reduced maneuvering 

capabilities compared to their fossil-fueled counterparts, 

which can be a critical disadvantage in competitive and time-
sensitive shipping operations. In particular, for container 

ships and bulk carriers that require significant propulsion 

power, the current limitations of battery and fuel cell 

technologies raise concerns about the operational feasibility 

of ZEVs for large-scale commercial shipping (Egeli & 

Guttormsen, 2024). 

 

Moreover, fuel cells, while efficient, may face issues 

with reliability and performance over long operational 

periods. Issues such as fuel impurities, fuel degradation, and 

the need for specialized maintenance for fuel cells in harsh 

maritime conditions add to the operational concerns, making 
them less attractive for long-term adoption in commercial 

fleets (Perčić et al., 2022). 

 

 Energy Density Concerns 

Energy density remains one of the most pressing 

challenges for ZEV technologies, particularly for battery-

electric vessels. Batteries used in maritime applications 

typically have much lower energy densities than traditional 

marine fuels, meaning that vessels require significantly larger 

and heavier batteries to achieve the same range (Van Biert et 

al., 2016). The limited energy density of batteries means that 
ZEVs must trade off cargo capacity or speed in order to 

accommodate larger battery systems, reducing the overall 

operational efficiency and economic viability of these 

vessels. While hydrogen and ammonia offer better energy 

densities, they still fall short in comparison to conventional 

fuels, and their storage and transportation challenges further 

limit their practical use on larger ships (Aziz et al., 2020). 

 

The energy density of alternative fuels such as biofuels 

or synthetic fuels also remains a concern, as they generally do 

not yet match the energy output of traditional marine fuels, 
thus requiring significant infrastructure development to make 

them viable on a large scale (Das & Ghosh, 2023). 

Furthermore, the production of these alternative fuels remains 

energy-intensive, which reduces their environmental benefits 

if not derived from renewable sources. 
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 Integration of Zero-Emission Vessels (ZEVs) with 

Existing Fleets and Logistical Networks 

The integration of zero-emission vessels (ZEVs) into 

existing maritime fleets and logistical networks presents 

significant challenges but also offers opportunities to reduce 

the carbon footprint of the global shipping industry. For ZEVs 

to play a meaningful role in decarbonizing maritime 

transportation, they must be incorporated into the existing 
operational and logistical frameworks, which often rely on 

conventional, high-emission vessels. This integration 

involves overcoming technical, financial, and operational 

hurdles that span fleet management, port infrastructure, and 

global shipping routes. 

 

 Compatibility with Existing Fleet Operations 

Integrating ZEVs into established fleets requires careful 

consideration of the compatibility between new zero-

emission technologies and existing fleet operations. For 

example, many shipping companies operate large fleets of 

conventional vessels that are designed for high fuel 

consumption and long-range operations. Retrofitting existing 

vessels with zero-emission technologies such as battery-

electric or hydrogen fuel cell propulsion is one option; 

however, this process can be costly, technically challenging, 

and operationally disruptive (Chou et al., 2021). Retrofitting 

may involve significant modifications to the engine, fuel 
systems, and storage capacities, which can impact the vessel’s 

performance and cargo capacity (Chou et al., 2021). 

Additionally, retrofitting may only be suitable for smaller 

vessels or those operating in specific regions (short-sea 

shipping) where energy demand is less intense. Figure 7 

shows the percentage annual change in the growth rate of 

global fleet for 16 years (2000 – 2016). 

 

 
Fig 7 Annual Growth of Fleet rate (2000-2106) 

Source: Kim (2019). Regulatory Regime Governing Maritime Air Pollution and Legal Compliance Alternatives in Era of Sulphur 

Capping 2020. 
 

For larger vessels or long-haul routes, building entirely 

new zero-emission vessels may be more viable, but this 

requires substantial financial investment. The introduction of 

ZEVs into an existing fleet could also create operational 

complexity, as mixed fleets of conventional and zero-

emission vessels would need to operate in harmony, requiring 

different maintenance protocols, fueling systems, and 

operational practices (Hodge et al., 2022). 

 Logistical Integration and Routing Challenges 

Integrating ZEVs into global logistical networks is 

another challenge. Shipping networks are designed around 

the capabilities of conventional vessels, and modifying these 

networks to accommodate ZEVs involves adjusting routing, 

scheduling, and supply chain practices. For instance, ZEVs, 

especially battery-electric vessels, face significant 

operational constraints in terms of range and speed (Chandran 
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et al., 2022). Battery-electric vessels are best suited for short-

sea and coastal shipping routes due to their limited range, and 

extensive charging infrastructure must be established to 

facilitate operations across various regions. In contrast, 

hydrogen and ammonia-fueled vessels, while offering longer 

ranges, still require specialized refueling infrastructure that is 

not universally available, limiting their flexibility and 

operational scope (Aziz et al., 2020). 
 

As a result, shipping companies will need to modify 

their routes to ensure that ZEVs can access fueling stations 

and charging points. This could involve redesigning 

international shipping corridors, establishing "green 

corridors" for ZEVs, and ensuring that ports are equipped 

with the necessary fueling infrastructure (Ismail 2023). 

Furthermore, ZEVs may require slower speeds or more 

frequent stops to refuel or recharge, which could affect 

delivery times and operational efficiency. Thus, the 

integration of ZEVs will require changes to existing logistical 
models, as vessels with longer ranges and shorter refueling 

times must be integrated alongside newer, more efficient 

zero-emission vessels. 

 

 Port and Infrastructure Adaptation 

A significant barrier to integrating ZEVs into global 

shipping logistics is the lack of port infrastructure capable of 

supporting alternative fuel types such as hydrogen, ammonia, 

or battery-electric charging stations. Ports are crucial hubs in 

the logistics chain, and without the necessary infrastructure, 

ZEVs would be unable to operate efficiently (Enyejo et al., 

2024). While some ports have begun to invest in green 
technologies and alternative fuel bunkering stations, the 

availability of such infrastructure is still limited (Das & 

Ghosh, 2023). Developing this infrastructure requires 

substantial investment in refueling facilities, safety measures 

for handling hazardous fuels (such as ammonia), and grid 

upgrades to support the charging needs of large battery-

electric vessels (Serra & Fancello, 2020). 

 

Ports must also adapt to accommodate the operational 

requirements of ZEVs, which may involve new safety 

standards, training for personnel, and logistical adjustments. 
The integration of ZEVs will require coordination between 

shipping companies, port authorities, and regulators to ensure 

that the required infrastructure is available at critical locations 

along major shipping routes (Ijiga et al., 2024). 

 

 Financial and Regulatory Considerations 

The financial costs associated with integrating ZEVs 

into existing fleets and logistical networks are significant, 

requiring substantial investments in new ships, retrofitting 

existing vessels, and upgrading port infrastructure. Shipping 

companies may face difficulties in securing funding or 
incentives to make these investments, particularly in the 

absence of clear regulatory frameworks or economic 

incentives that support green shipping practices (Egeli & 

Guttormsen, 2024). Furthermore, the cost of alternative fuels 

such as hydrogen or ammonia is still relatively high, and 

without subsidies or support mechanisms, ZEV adoption may 

remain economically unfeasible for many operators, 

especially those in cost-sensitive sectors (Kamran & 

Turzyński, 2024). 

 

On the regulatory side, international bodies like the 

International Maritime Organization (IMO) and national 

governments must develop clear policies and incentives that 

encourage the adoption of ZEV technologies while ensuring 

that existing regulations are compatible with new fuel types 
and propulsion systems. Without coordinated policy and 

regulatory frameworks, the integration of ZEVs into the 

global shipping network may be hampered by inconsistencies 

and inefficiencies. 

 

 Collaborative Efforts and Industry Standards 

The integration of ZEVs into maritime logistics will 

require collaboration across the shipping industry, including 

vessel manufacturers, fleet operators, port authorities, and 

regulatory bodies. Developing industry standards for ZEV 

operations and fuel compatibility is essential for ensuring that 
ships, ports, and fuel providers can operate seamlessly 

together. Collaborative initiatives, such as the establishment 

of green shipping corridors and global standards for fuel 

bunkering and emissions reporting, will play a critical role in 

overcoming operational barriers (Ismail 2023). Industry-wide 

agreements on investment strategies and the development of 

shared infrastructure can help accelerate the adoption of 

ZEVs while minimizing the economic burden on individual 

stakeholders (Serra & Fancello, 2020). 

 

IV. ECONOMIC AND FINANCIAL 

CONSIDERATIONS 

 

 High Capital Costs of Adopting and Retrofitting Zero-

Emission Technologies 

The adoption and retrofitting of zero-emission 

technologies in the maritime industry are significantly 

hindered by the high capital costs associated with these 

technologies. While the long-term operational savings and 

environmental benefits of zero-emission vessels (ZEVs) are 

widely recognized, the initial financial burden required for 

the transition is substantial. These costs span various aspects 

of ZEV development, including the purchase of new vessels, 
the retrofitting of existing ships, the development of new fuel 

infrastructure, and the integration of alternative propulsion 

systems. As a result, the high capital costs present a major 

barrier to widespread ZEV adoption, particularly for smaller 

operators or those in cost-sensitive segments of the shipping 

industry. 

 

 Cost of New Zero-Emission Vessels 

The construction of new zero-emission vessels is 

significantly more expensive than building conventional 

ships, primarily due to the high cost of the technology 
involved. Battery-electric vessels, for example, require large 

and expensive battery systems to store sufficient energy for 

their operations. The price of marine-grade batteries can be 

prohibitive, as they have to meet stringent safety, durability, 

and performance standards, all while offering sufficient 

energy density for long-distance maritime operations 

(Trevathan & Johnstone, 2018). Moreover, hydrogen and 

ammonia-powered vessels require costly fuel cell systems 
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and specialized storage tanks to handle these alternative fuels 

safely and efficiently (Kamran & Turzyński, 2024). These 

additional costs often make zero-emission vessels more than 

double the price of conventional ships, with estimates 

suggesting that the initial cost could increase by 50%–100% 

compared to conventional designs (Barthélémy 2012). 

 

The high capital costs of new ZEVs pose challenges for 
shipping companies, especially for smaller operators who 

may struggle to secure the financial resources needed to 

invest in advanced technologies. While larger operators may 

benefit from economies of scale, the overall cost of transition 

remains a significant hurdle for the industry as a whole 

(Enyejo et al., 2024). 

 Retrofitting Costs of Existing Ships 

For shipping companies that already own conventional 

vessels, retrofitting existing ships with zero-emission 

technologies presents another significant financial challenge. 

Retrofitting older ships to accommodate new technologies 

such as battery systems or hydrogen fuel cells requires 

significant modifications to the ship's propulsion systems, 

power generation equipment, and fuel storage infrastructure 
(Staffell et al., 2019) as depicted in figure 8. These 

modifications can be complex and costly, often requiring the 

vessel to undergo extensive downtime, during which it is out 

of service and not generating revenue (Ibokette et al., 2024). 

 

 
Fig 8 Retrofitting an Older Vessel to Accommodate New Technologies 

 
The cost of retrofitting varies depending on the size and 

complexity of the ship, as well as the specific zero-emission 

technology being integrated. For example, retrofitting a 

vessel to operate with battery-electric power may cost 

millions of dollars, primarily due to the need to install large 

battery packs, modify the electrical system, and potentially 

replace the propulsion system. The retrofitting of 

conventional vessels to hydrogen fuel cells or ammonia 

engines can be equally expensive, as it involves the 

integration of complex fuel storage and distribution systems 

that meet safety standards (Fletcher et al., 2022). 
 

Furthermore, older vessels may not be as structurally 

compatible with the new technology, leading to additional 

engineering challenges and costs. These considerations make 

retrofitting a less attractive option for many operators, 

especially when the costs of retrofitting may exceed the 

remaining useful life of the vessel (Fletcher et al., 2022). As 

a result, operators may opt to continue using their existing, 

fossil-fuel-powered fleets or purchase new vessels that rely 

on conventional fuels. 

 
 

 

 Infrastructure Development and Fueling Costs 

In addition to the high capital costs associated with new 

ships and retrofitting, the development of the necessary 

infrastructure to support zero-emission vessels presents 

another financial challenge. ZEVs, particularly those 

powered by electricity, hydrogen, or ammonia, require 

specialized refueling and charging stations at ports. However, 

the infrastructure to support these fuels is still in its early 

stages of development, and building a comprehensive 

network of fueling and charging stations requires substantial 

investments from both the public and private sectors (Bashiru 
et al., 2024). 

 

For example, hydrogen refueling stations need to be 

constructed and maintained, and ports must invest in 

advanced fueling equipment capable of handling high-

pressure hydrogen or ammonia, which can be hazardous. 

Similarly, battery-electric vessels require the installation of 

high-capacity charging stations at ports, which necessitate 

significant upgrades to existing electrical grids and charging 

infrastructure (Ayers, 2020). These infrastructure 

investments can run into the billions of dollars globally and 
place additional financial burdens on port authorities, vessel 

operators, and fuel suppliers (Owolabi et al., 2024). 
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Moreover, the cost of producing and distributing zero-

emission fuels remains high, particularly for hydrogen and 

ammonia, which are still expensive to produce at scale. 

Hydrogen, for instance, is currently primarily produced from 

natural gas, which negates much of its environmental benefit. 

However, green hydrogen produced from renewable energy 

sources remains expensive, limiting its adoption as a fuel for 

maritime shipping (Barthélémy 2012). Similarly, ammonia 
production remains energy-intensive, and its production costs 

must decrease significantly for it to be a viable alternative fuel 

on a global scale. 

 

 Financial and Regulatory Incentives 

To overcome these high capital costs, financial and 

regulatory incentives are crucial. Governments and 

regulatory bodies such as the U.S. Coast Guard, the 

Environmental Protection Agency (EPA), and international 

entities like the International Maritime Organization (IMO) 

must provide financial incentives, subsidies, and tax breaks 
to encourage the adoption of zero-emission technologies 

(Ajayi et al., 2024; Igba et al., 2024). Initiatives like the 

European Union’s Green Deal or the IMO’s ambition to 

reduce greenhouse gas emissions by 50% by 2050 aim to push 

the shipping industry toward decarbonization by offering 

financial support for the development of ZEVs and their 

integration into existing fleets (Halim et al., 2018). However, 

these incentives need to be expanded and made more 

accessible to ensure that smaller operators are not excluded 

from the transition to zero-emission shipping. 

 

Additionally, companies may need to explore 
alternative financing mechanisms, such as green bonds or 

public-private partnerships, to reduce the financial burden 

associated with adopting ZEVs. These funding mechanisms 

can help alleviate upfront costs and enable shipping 

companies to adopt green technologies without 

compromising their financial stability (Doris et al., 2009; 

Ibokette et al., 2024). 

 

 Lack of Incentives and Funding Opportunities for 

Maritime Decarbonization 

The decarbonization of the maritime sector is crucial for 
achieving global climate goals, yet the transition faces 

significant hurdles. A key barrier is the lack of sufficient 

financial incentives and funding opportunities, which inhibits 

widespread adoption of zero-emission technologies and 

sustainable practices. Despite the growing urgency for 

decarbonization, particularly with international regulatory 

targets like the International Maritime Organization's (IMO) 

2050 emission reduction goals, maritime stakeholders, 

including shipping companies, port authorities, and 

equipment manufacturers, continue to face financial 

constraints. These constraints arise from the high capital costs 

of zero-emission vessel (ZEV) technologies and the lack of 
robust support mechanisms to offset these costs. 

 

 Insufficient Financial Incentives for Zero-Emission 

Technologies 

One of the primary challenges to accelerating maritime 

decarbonization is the absence of robust financial incentives 

to encourage the adoption of zero-emission technologies. 

While some countries have introduced carbon pricing 

mechanisms and subsidies for renewable energy investments, 

these incentives remain limited in scope and are not 

widespread across the global maritime industry. For instance, 

in Europe, while the European Union's Green Deal and its 

associated funding programs, such as Horizon Europe, offer 

financial support for decarbonization technologies, the 

application of such programs to the maritime industry has 
been slow and limited (Şaşmaz 2022). These initiatives 

primarily focus on land-based transport, energy production, 

and other sectors, with less emphasis on maritime 

decarbonization. 

 

The IMO, the key international regulatory body 

governing maritime emissions, has set ambitious targets, such 

as reducing greenhouse gas (GHG) emissions by at least 50% 

by 2050 compared to 2008 levels (Bullock et al., 2022). 

However, the IMO's regulatory framework lacks direct 

financial incentives, leaving shipping companies to bear the 
brunt of the financial burden. Consequently, without 

substantial financial support, many maritime companies are 

hesitant to invest in costly zero-emission technologies, such 

as battery-electric systems, hydrogen fuel cells, and ammonia 

engines, which remain expensive and technologically 

immature (Gjøstein, 2021). 

 

 Challenges with Government and Policy Support 

Government initiatives aimed at supporting maritime 

decarbonization are often fragmented and insufficient. While 

governments in regions such as the EU and the U.S. have 

begun to implement green financing programs, these are still 
in the early stages and do not yet provide the scale of funding 

needed to drive large-scale decarbonization. For example, the 

U.S. Maritime Administration (MARAD) has introduced 

programs like the Green Shipping Program, which supports 

research and development for sustainable maritime 

technologies, but the scope and funding allocated to these 

programs are limited (Egeli & Guttormsen, 2024). 

 

In addition to limited government funding, policies that 

promote the use of alternative fuels, such as hydrogen and 

ammonia, have yet to materialize in many countries. The high 
cost of these fuels, combined with the lack of infrastructure 

for their production and distribution, makes it difficult for 

shipping companies to justify the investment in zero-emission 

vessels without clearer government intervention (Das & 

Ghosh, 2023). While some nations, such as Norway, have led 

the way in incentivizing zero-emission shipping through tax 

exemptions and subsidies, these efforts have not been 

universally adopted, leaving other parts of the maritime 

industry behind (Ayers, 2020). 

 

 

 Limited Private Sector Investment and Public-Private 

Partnerships 

Another critical issue is the limited private sector 

investment in zero-emission technologies for the maritime 

industry. Although large shipping companies have begun to 

explore green shipping technologies, the overall willingness 

to invest remains low due to the perceived risks and long 

payback periods associated with these technologies. The 
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financial uncertainties surrounding fuel production, fuel 

costs, and the operational efficiency of new technologies 

mean that private investors are reluctant to fund the transition 

to zero-emission vessels (Garcia et al., 2020). In addition, the 

absence of a clear and predictable market for zero-emission 

shipping fuels adds to the financial uncertainty. 

 

Public-private partnerships (PPPs) could play a pivotal 
role in addressing the funding gap, but such collaborations 

remain underdeveloped in the maritime sector. In theory, 

PPPs could help reduce the financial risks for private 

investors by using public funds to support the development of 

green technologies and infrastructure. However, the 

implementation of such partnerships has been slow, with the 

maritime sector lacking a cohesive strategy to develop joint 

ventures that can bring together the necessary stakeholders—

governments, technology developers, and shipping 

companies—on a larger scale (Ijiga et al., 2024). 

 

 The Role of Subsidies and Tax Credits 

The lack of subsidies and tax credits for zero-emission 

vessels (ZEVs) further exacerbates the financial challenges 

faced by the maritime industry. Subsidies and tax credits have 

proven to be effective in accelerating the adoption of clean 

technologies in other sectors, such as land transportation and 

renewable energy. However, similar incentives for the 

maritime sector remain underdeveloped. For example, 

although the U.S. offers tax credits for alternative energy 

vehicles in the transportation sector, these incentives have not 

been extended to the maritime industry in a meaningful way 

(Igba et al., 2024). 
 

In the absence of these financial mechanisms, shipping 

companies are often left to shoulder the entire financial 

burden of investing in new technologies. This challenge is 

particularly pronounced for smaller operators or those in 

developing regions, where access to capital is more limited 

and where the profitability of decarbonization may not be 

immediately apparent. Without financial incentives, these 

smaller players are unlikely to be able to afford the upfront 

costs of ZEVs or retrofitting existing fleets, which could 

delay the industry's overall transition to sustainable shipping 
(Doris et al., 2009; Slowik et al., 2019). 

 

 The Need for Comprehensive Financial Support 

Mechanisms 

To overcome the lack of incentives and funding 

opportunities, a comprehensive approach involving both 

public and private funding is necessary. This could include 

expanding existing funding programs like MARAD's Green 

Shipping Program and increasing international collaboration 

on green maritime financing (Ismail 2023). Governments 

could provide more aggressive financial support in the form 
of direct subsidies, tax incentives, or grants for zero-emission 

vessel construction and retrofitting. Additionally, new 

funding mechanisms such as green bonds and impact 

investing could help attract private capital to maritime 

decarbonization projects. 

 

 

Furthermore, international bodies like the IMO could 

consider establishing dedicated funds or financing 

mechanisms that are specifically focused on reducing the 

financial barriers to zero-emission shipping, especially for 

developing countries or smaller companies. For instance, the 

IMO could expand its International Maritime Research and 

Development Fund (IMRF) to include more extensive 

support for the development and deployment of ZEV 
technologies (Slowik et al., 2019). 

 

 Public-Private Partnerships and Financing Models to 

Support Zero-Emission Vessel (ZEV) Adoption 

The transition to zero-emission vessels (ZEVs) is a 

complex and capital-intensive process that requires the 

collaboration of various stakeholders across the maritime 

industry. Given the substantial costs of developing, adopting, 

and scaling ZEV technologies, it is crucial to explore 

financing models and public-private partnerships (PPPs) to 

overcome financial barriers and accelerate decarbonization 
efforts. Public-private partnerships, alongside innovative 

financing models, have the potential to provide the necessary 

capital, risk-sharing mechanisms, and expertise to support the 

widespread adoption of ZEVs in the maritime industry. 

 

 The Role of Public-Private Partnerships in 

Decarbonization 

Public-private partnerships (PPPs) are essential in 

driving the adoption of zero-emission technologies in 

industries such as shipping, where high upfront costs, 

technological risks, and uncertain returns on investment pose 

significant barriers to private sector involvement (Doris et al., 
2009; Ijiga et al., 2024). A PPP allows for the pooling of 

resources from both public and private sectors, creating a 

synergistic approach to overcome these challenges. 

Governments, through regulatory incentives and funding 

programs, can de-risk investments and provide the necessary 

financial support to encourage private industry participation 

in the transition to ZEVs. 

 

In the maritime sector, several governments have started 

to engage in PPPs aimed at decarbonization. For example, in 

Norway, the government has partnered with shipping 
companies and technology providers to support the 

development and deployment of battery-electric ferries. The 

project, which includes the provision of subsidies for 

infrastructure development and vessel construction, has 

demonstrated how government funding and regulatory 

support can stimulate private sector investment in ZEV 

technologies (Ayers, 2020). Similarly, in the United States, 

the Maritime Administration (MARAD) has supported 

initiatives such as the "Green Shipping Program," which aims 

to foster innovation in maritime decarbonization by 

promoting collaboration between public agencies and private 

shipping companies (Egeli & Guttormsen, 2024). 
 

These partnerships not only reduce the financial burden 

on individual stakeholders but also facilitate the transfer of 

knowledge and technology, driving innovation in the 

development of ZEVs and supporting the growth of green 

maritime technologies. 
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 Financing Models for Zero-Emission Vessel Adoption 

Given the high capital costs associated with the 

development and deployment of ZEVs, diverse financing 

models are essential to make these technologies more 

accessible and attractive to shipowners. These models 

typically combine government funding with private capital to 

lower the risks and ensure that investments in decarbonization 

are economically viable. 

 

 Green Bonds and Impact Investment 

Green bonds are a popular financing tool used to raise 

funds specifically for environmentally sustainable projects, 

including the development of ZEVs. Issuing green bonds 

allows shipping companies or consortiums to access capital 

at lower costs, with the funds earmarked for investments in 

zero-emission technologies. Green bonds are particularly 

attractive to investors focused on sustainability, as they align 

with global environmental goals while providing returns on 

investment. Several maritime companies have already issued 
green bonds to fund the transition to greener fleets, 

demonstrating the potential of this financing model (Morchio 

et al., 2024). 

 

Impact investing is another model that could 

significantly contribute to ZEV adoption in the maritime 

sector. In impact investing, investors provide capital for 

projects that generate measurable environmental or social 

benefits alongside financial returns. For example, investors in 

shipping projects that prioritize decarbonization can expect 

financial returns while contributing to the achievement of 

IMO's greenhouse gas (GHG) reduction targets. By 
structuring investments around sustainability criteria, impact 

investing could play a pivotal role in closing the financing gap 

for ZEV technologies (Brest & Born, 2013). 

 

 Public Funding and Subsidies 

Public funding and subsidies are critical for offsetting 

the high initial costs of adopting ZEVs, which often deter 

smaller companies or those in regions with less access to 

capital. Many governments have established grant programs 

to provide financial support for decarbonization projects, and 

these grants can be pivotal in enabling the maritime industry 
to overcome financial hurdles. In the U.S., programs like 

MARAD’s "Green Shipping Program" and the Department of 

Energy's (DOE) funding for clean energy technologies in 

transportation have been instrumental in providing funding 

for research and development in zero-emission maritime 

technologies (Clements & Sims, 2010). 

 

Additionally, tax incentives for renewable energy 

projects, such as those available in the EU, could be expanded 

to include the maritime sector. These financial incentives 

reduce the upfront capital costs and provide longer-term 

financial benefits, making ZEV adoption more feasible for 
shipping companies (Doris et al., 2009; Idoko et al., 2024). 

 

 Carbon Trading and Cap-and-Trade Programs 

Another innovative financing model involves carbon 

trading and cap-and-trade systems, which have been 

successfully implemented in other sectors such as aviation 

and land-based transportation. Under these systems, 

companies are allocated a carbon allowance, and those that 

exceed their emissions targets must purchase credits from 

companies that emit less than their allocated limit. In 

maritime shipping, a similar cap-and-trade system could be 

introduced, with carbon credits tied to the adoption of low- or 

zero-emission technologies. By monetizing emissions 

reductions, carbon trading could provide an additional 

financial incentive for shipping companies to invest in ZEVs 
(Morchio et al., 2024). 

 

The EU’s Emissions Trading System (ETS) could be 

extended to include the maritime sector, creating a financial 

incentive for decarbonization efforts. Such market-based 

mechanisms could also encourage private investments in 

ZEV technologies while helping shipping companies comply 

with emissions reduction targets (Teixidó et al., 2019). 

 

 International Collaboration and Funding Mechanisms 

To foster global decarbonization in the maritime 
industry, international collaboration is essential. Shipping is 

a global industry, and the adoption of zero-emission 

technologies must occur across borders. Multilateral funding 

initiatives, such as the Green Climate Fund (GCF) and the 

Global Environment Facility (GEF), have the potential to 

provide funding for zero-emission maritime projects in 

developing countries, where the financial burden is often 

more significant (Speer & Wu, 2021). These global funding 

mechanisms could support the transition of small island 

nations or emerging economies to sustainable maritime 

operations by offering grants, loans, or concessional 

financing. 
 

Additionally, the IMO could play a central role in 

facilitating the establishment of international financing 

frameworks that promote the adoption of ZEV technologies 

globally. By fostering cross-border collaborations and 

offering financial resources, international organizations can 

drive maritime decarbonization at a global scale. 

 

 Risks and Challenges of PPPs and Financing Models 

While public-private partnerships and financing models 

offer promising solutions, there are several challenges that 
must be addressed to ensure their success. First, aligning the 

interests of public and private sector stakeholders can be 

complex, as governments may prioritize environmental goals, 

while private sector entities focus on financial returns. 

Establishing clear frameworks for risk-sharing and defining 

roles and responsibilities for each partner is critical to 

overcoming these challenges (Akomea-Frimpong et al., 

2022). 

 

Furthermore, the lack of standardized policies across 

countries could impede international collaboration on 
financing ZEV adoption. Variability in regulations, tax 

incentives, and subsidies across jurisdictions creates 

uncertainty for shipping companies operating in global 

markets. Harmonizing policies and establishing unified 

standards for financing could mitigate these issues and 

encourage more widespread adoption of zero-emission 

technologies (Akomea-Frimpong et al., 2022). 
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 Long-Term Cost Savings Through Fuel Efficiency and 

Potential Carbon Credits 

The transition to zero-emission vessels (ZEVs) in the 

maritime industry involves significant initial capital 

expenditures, particularly in terms of technology adoption 

and infrastructure development. However, the long-term 

benefits—chiefly in fuel efficiency and access to carbon 

credits—can substantially offset these costs. As regulatory 
pressure increases and the global shipping industry moves 

toward sustainability, the financial incentives tied to fuel 

efficiency and carbon trading mechanisms will play an 

essential role in making zero-emission technologies more 

economically viable for shipowners and operators. 

 

 Fuel Efficiency and Operational Savings 

Fuel costs represent one of the largest operational 

expenditures for maritime shipping companies. As fuel prices 

fluctuate, the need for more energy-efficient vessels has 

become more pronounced. Zero-emission technologies, such 
as battery-electric propulsion, hydrogen fuel cells, and wind-

assisted propulsion, offer the potential to significantly reduce 

fuel consumption and operational costs (Petković et al., 

2021). 

 

Battery-electric ships, for instance, rely on stored energy 

to power electric motors, significantly reducing reliance on 

conventional marine fuels such as diesel and heavy fuel oil 

(HFO). While the capital expenditure for battery-electric 

vessels (BEVs) is high, operational costs are generally lower 

due to the reduced need for fuel and lower maintenance 

requirements. In some cases, shipping companies that 
transition to BEVs can expect fuel savings of up to 50% over 

the vessel’s lifespan, making them more competitive in the 

long term (Shelar 2024). Similarly, hydrogen fuel cells, 

which produce electricity through electrochemical reactions, 

can lower fuel costs while providing a cleaner alternative to 

traditional fuels. Though hydrogen fuel infrastructure is still 

in the developmental phase, its adoption could lead to long-

term savings once it becomes commercially viable and 

widespread (Kamran & Turzyński, 2024). 

 

Wind-assisted propulsion technologies, including 
modern sails and kite systems, are also proving to be cost-

effective in reducing fuel consumption. These systems use 

wind energy to supplement traditional propulsion methods, 

reducing the overall amount of fuel needed for a journey. 

Studies suggest that wind-assisted propulsion can decrease 

fuel consumption by up to 10-15%, offering significant 

savings over time (Hasan et al., 2024; Okeke et al., 2024). 

Moreover, with rising fuel costs and greater awareness of 

environmental sustainability, these technologies offer 

shipowners an increasingly viable solution for cost reduction. 

 

 Carbon Credits and Market-Based Mechanisms 

As part of international efforts to reduce greenhouse gas 

(GHG) emissions, market-based mechanisms such as carbon 

trading and carbon credits offer financial incentives for 

companies to adopt environmentally friendly technologies. 

Shipping companies that invest in ZEVs or adopt other 

emissions-reducing technologies may be eligible to earn 

carbon credits, which can be sold in carbon markets or offset 

against their own emissions (Javed et al., 2019). 

 

Under the International Maritime Organization (IMO) 

regulations, the shipping industry is subject to various 

emissions reduction targets. The Carbon Intensity Indicator 

(CII) and the Energy Efficiency Existing Ship Index (EEXI) 

are two such measures that incentivize emissions reductions 
by establishing stricter performance criteria for ships based 

on their fuel efficiency. By reducing their emissions through 

the adoption of ZEVs or energy-efficient technologies, 

shipping companies can earn carbon credits that may either 

be traded on global carbon markets or used to meet future 

emissions reduction targets (Lee 2023).  The carbon credits 

market could potentially be worth billions of dollars, creating 

a financial incentive for companies to reduce their carbon 

footprint (Morchio et al., 2024). 

 

The European Union Emissions Trading System (EU 
ETS), which includes maritime transport as part of its carbon 

pricing mechanisms, has the potential to provide significant 

financial rewards for companies that adopt zero-emission 

technologies (Teixidó et al., 2019). By reducing their carbon 

emissions, maritime operators can generate credits and trade 

them within the EU carbon market, profiting from their 

sustainability efforts. As the carbon credit market expands, it 

is likely that more countries will introduce similar systems, 

enhancing the financial viability of ZEV technologies in the 

maritime industry. 

 

 Long-Term Financial Benefits 
Although the upfront costs for adopting ZEV 

technologies can be high, the long-term savings in terms of 

fuel efficiency and the opportunity to generate revenue 

through carbon credits can significantly improve the financial 

outlook for maritime operators. The International Transport 

Forum (ITF) highlights that decarbonization in the maritime 

sector will not only help mitigate climate change but also 

reduce operational costs in the long term by increasing fuel 

efficiency and providing opportunities to monetize emission 

reductions (ITF 2021). 

 
A study by Damian et al. (2022) and Enyejo et al. (2024) 

assessed the life-cycle cost analysis of different propulsion 

technologies for ships, including fuel cell-based propulsion 

and battery-powered ships. The findings suggested that, while 

the initial cost of adopting these technologies was higher, the 

total cost of ownership—including savings from fuel 

efficiency and carbon credits—was lower over a 20-30 year 

period compared to conventional fossil fuel-based vessels. 

Such long-term financial advantages are crucial for 

shipowners, as they improve profitability and reduce 

dependence on volatile fuel markets. 

 
Moreover, with the global regulatory environment 

moving towards stricter emissions standards, ZEVs will 

become more attractive as the cost of compliance with 

emissions regulations rises for non-compliant ships. 

Therefore, adopting zero-emission technologies could shield 

operators from potential penalties, while reducing long-term 

operational costs (Torbitt & Hildreth 2010). 
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 Risk Mitigation and Investment in Sustainability 

The financial benefits of adopting zero-emission 

technologies, through both operational savings and carbon 

credits, extend beyond direct cost reductions. Investing in 

ZEVs also mitigates the long-term risks associated with 

climate change, regulatory compliance, and rising fuel prices. 

As the shipping industry faces increasing pressure to comply 

with international emissions targets, early adoption of ZEV 
technologies allows companies to stay ahead of regulations, 

reducing the risk of financial penalties or the need for costly 

retrofits in the future (Torbitt & Hildreth 2010). 

 

Sustainability is becoming a key criterion for investors, 

and companies that prioritize decarbonization are likely to 

attract more investment in the form of green bonds or impact 

investment. Therefore, adopting zero-emission technologies 

not only offers financial savings but also strengthens a 

company’s reputation as a forward-thinking, environmentally 

responsible operator, which can improve access to funding 
and capital markets (Brest & Born, 2013). 

 

V. FUTURE PATHWAYS: RECOMMENDATIONS 

FOR OVERCOMING CHALLENGES 

 

 Harmonizing National and International Regulatory 

Standards to Streamline ZEV Adoption 

The adoption of zero-emission vessels (ZEVs) in the 

maritime sector presents a significant opportunity to reduce 

greenhouse gas emissions and mitigate the environmental 

impact of shipping. However, the success of this transition 

depends heavily on aligning national and international 
regulatory frameworks. Harmonizing these regulations can 

help create a unified approach that facilitates the widespread 

deployment of ZEV technologies, ensures consistent 

standards for vessel performance, and minimizes barriers to 

international trade. This alignment is critical for streamlining 

the adoption of ZEVs across different jurisdictions and 

creating a level playing field for maritime operators globally. 

 

 The Role of International Maritime Organization (IMO) 

The International Maritime Organization (IMO) plays a 

central role in setting global standards for the shipping 
industry, particularly with regard to emissions reductions and 

environmental sustainability. As part of its climate action 

plan, the IMO has set ambitious decarbonization targets, 

including a 50% reduction in GHG emissions from shipping 

by 2050 compared to 2008 levels (Walsh et al., 2019; Bullock 

et al., 2022). The IMO’s ongoing work to implement these 

goals, such as the Carbon Intensity Indicator (CII) and the 

Energy Efficiency Existing Ship Index (EEXI), provides a 

regulatory framework that encourages the adoption of 

energy-efficient and zero-emission technologies (Lee 2023). 

 
While these IMO regulations provide a strong 

foundation for international emissions reductions, 

harmonizing them with national policies is essential to 

ensuring that they are effectively implemented at the local 

level. National governments must align their domestic 

regulations with the IMO's standards to avoid regulatory 

inconsistencies that could create confusion and hinder the 

adoption of ZEVs. For example, if a country implements 

stricter emissions regulations that are not in sync with the 

IMO's framework, it could lead to regulatory conflicts or 

competitive disadvantages for local shipping companies. 

 

 National Regulatory Challenges and Variability 

The implementation of ZEVs in the maritime sector 

requires that national governments develop clear and 

supportive regulations that complement international 
standards. However, national regulatory frameworks often 

differ significantly, leading to a fragmented approach that 

complicates the adoption of ZEV technologies (Potse, 2021). 

For instance, the European Union has set forward-thinking 

policies aimed at decarbonizing the shipping sector, such as 

including maritime transport in the EU Emissions Trading 

System (EU ETS), while countries like the United States have 

focused on technology incentives and state-level mandates 

(Doris, 2009). These regulatory differences can create 

uncertainties for shipping companies operating 

internationally, who may face varying requirements 
depending on the regions they operate in. 

 

Furthermore, national regulatory bodies, such as the 

U.S. Coast Guard (USCG), the Environmental Protection 

Agency (EPA), and the Maritime Administration (MARAD), 

have specific requirements related to safety, environmental 

protection, and operational standards for vessels. These 

regulations must align with international standards to avoid 

inefficiencies and prevent potential conflicts in the 

compliance process (Potse, 2021). For example, the U.S. has 

made substantial progress in creating the Green Ship 

Technologies Initiative, which is designed to promote the 
development and adoption of energy-efficient ships. 

However, without alignment with international regulations, 

such initiatives could lead to discrepancies in the way ZEV 

technologies are applied in the global shipping fleet (Potse, 

2021). 

 

 Alignment of Emission Reduction Targets 

A key challenge in harmonizing regulations is aligning 

the emission reduction targets set by national and 

international bodies. While the IMO's 2050 decarbonization 

target is widely recognized, individual countries may have 
more aggressive or differing national goals that can either 

complement or conflict with these international 

commitments. For instance, some nations have set net-zero 

emissions goals for 2040, which would require a faster 

transition to ZEV technologies in their respective maritime 

fleets (Jeudy-Hugo et al., 2021). 

 

To streamline ZEV adoption, it is critical that national 

policies align with international decarbonization goals. This 

includes integrating national decarbonization strategies with 

the IMO's targets and ensuring that the pathways for 
achieving these goals are consistent. Countries that adopt 

overly ambitious emissions reduction targets without 

considering international shipping realities may risk isolating 

themselves from global trade networks or creating non-tariff 

barriers for foreign vessels (Liu et al., 2023). On the other 

hand, countries with more relaxed regulations may undermine 

the IMO’s global efforts to reduce emissions and create an 

uneven playing field. 
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 Creating a Unified Compliance Framework 

To avoid regulatory fragmentation, creating a unified 

compliance framework is essential. This could involve the 

establishment of internationally recognized standards for 

ZEV technologies, supported by a global certification system 

that ships can use to demonstrate compliance with both 

national and international regulations (Scott 2001). Such a 

system would ensure that ZEV technologies meet the same 
high performance and safety standards across all regions, 

eliminating the need for different testing and certification 

processes in various countries (Waide & Bernasconi-

Osterwalder, 2008). 

 

The adoption of a common compliance framework 

could be supported by industry collaboration, including 

partnerships between governments, international 

organizations, and private sector stakeholders. Initiatives 

such as the International Zero Emission Ship Coalition 

(ZESC), which aims to develop and promote global standards 
for ZEVs, are examples of how such collaborative efforts can 

align national and international regulatory frameworks 

(Garcia et al., 2020). By working together, stakeholders can 

create policies that streamline the adoption of ZEV 

technologies, reducing costs and accelerating the transition to 

sustainable shipping. 

 

 Addressing Legal and Market Barriers 

In addition to technical and regulatory alignment, 

harmonizing national and international regulations must also 

address legal and market barriers that hinder the widespread 

adoption of ZEV technologies. These barriers include the lack 

of clear property rights regarding ZEVs, uncertainties about 

investment returns, and the absence of sufficient funding 

mechanisms for shipowners to finance the transition to zero-
emission technologies (Slowik et al., 2020). 

 

One potential solution is the establishment of a global 

funding mechanism to support the transition to ZEVs in 

developing countries, where financing for clean technologies 

may be particularly challenging. This approach could include 

the provision of subsidies, grants, and low-interest loans, 

which would enable the maritime industry in emerging 

economies to meet international decarbonization targets 

without facing significant financial burdens (Doris et al., 

2009). Such funding mechanisms could be harmonized with 
national regulations to ensure that the benefits of international 

agreements extend to all regions. 

 

A general roadmap for seaports to reach net-zero 

emissions is illustrated in the figure 9, with key solution 

measures in each category organized into three phases: 2025, 

2030, and 2040. 

 

 
Fig 9 A roadmap of seaport decarbonisation to net zero with time-phased solution measures. 

Source: Song (2024). A Literature Review of Seaport Decarbonisation: Solution Measures and Roadmap to Net Zero. 

 

 Developing Robust R&D Initiatives for Alternative Fuel 
and Energy Storage Technologies 

The transition to zero-emission vessels (ZEVs) in the 

maritime sector hinges on the development of innovative and 

efficient alternative fuel and energy storage technologies as 

depicted in figure 10. While numerous technologies show 

promise, the pace and scale of their adoption depend 

significantly on sustained and robust research and 

development (R&D) initiatives. These initiatives are essential 
for overcoming the technical barriers associated with fuel 

production, storage, and distribution, ensuring the 

commercial viability of zero-emission maritime solutions. 

Given the long lifecycle of ships and the need to integrate new 

technologies into complex maritime systems, strategic R&D 

efforts will be pivotal in driving the decarbonization of the 

maritime industry (Halim et al., 2018). 
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Fig 10 Classification of Different Energy Storage Systems 

Source: Worku (2022). Recent advances in energy storage systems for renewable source grid integration. 
 

The energy storage capacity and response time of 

different storage technologies vary significantly, with a 

noticeable correlation between these attributes. For example, 

supercapacitors can store up to around 1 kWh and discharge 

it in about 1 second, while pumped hydro storage facilities 

can hold 10 GWh or more, releasing energy over daily or 

weekly cycles. Some systems, like hydrogen electrolysis, 

have the potential to store even larger amounts of energy for 

extended periods (Worku 2022). 

 

 Importance of R&D in Alternative Fuels for Shipping 
Alternative fuels are at the heart of maritime 

decarbonization efforts, with several options under 

investigation, including hydrogen, ammonia, biofuels, and 

synthetic fuels. Each of these fuels offers distinct advantages 

and challenges, requiring focused R&D to optimize their use 

in marine applications. 

 

 Hydrogen: Hydrogen, particularly green hydrogen 

produced using renewable energy, is one of the most 

promising alternatives to conventional marine fuels. 

However, the low energy density of hydrogen compared 
to traditional fuels and the challenges in storage and 

distribution are significant hurdles (Gray et al., 2021). 

Current R&D efforts focus on improving hydrogen 

production techniques, such as electrolysis, and 

developing safe, efficient storage systems for hydrogen at 

both small and large scales (Hassan et al., 2023). 

 Ammonia: Ammonia is another promising fuel for 

decarbonizing shipping, as it can be synthesized using 

renewable energy and has the advantage of being easier to 

store and transport compared to hydrogen. However, 

ammonia combustion produces nitrogen oxides (NOx), 

which can lead to air quality concerns, necessitating R&D 

into ammonia-based engines that minimize these 

emissions (dos Santos et al., 2022). Additionally, R&D is 

needed to ensure ammonia is safely handled, given its 

toxicity. 

 Biofuels: Biofuels, such as bio-LNG and advanced 

biodiesel, offer a less complex transition to 

decarbonization by allowing the continued use of existing 

infrastructure. However, biofuels face challenges related 

to scalability, feedstock availability, and competition with 

land use for food production (Das & Ghosh, 2023). R&D 
initiatives focused on improving the efficiency of biofuel 

production processes and identifying sustainable 

feedstock sources are critical for biofuels to play a 

substantial role in maritime decarbonization. 

 Synthetic Fuels: Synthetic fuels, such as e-fuels, can be 

produced using renewable energy sources and offer a 

drop-in replacement for conventional marine fuels. These 

fuels, produced through carbon capture and utilization 

(CCU) technologies, are considered a viable long-term 

solution for maritime decarbonization. R&D is needed to 

scale the production of synthetic fuels at competitive 
prices and ensure they meet maritime engine requirements 

(Dell’Aversano et al., 2024; Idoko et al., 2024). 

 

 Energy Storage Technologies for ZEVs 

In addition to alternative fuels, energy storage systems 

are critical to enabling the practical use of ZEVs. Energy 

storage technologies, such as batteries, fuel cells, and 

supercapacitors, must be optimized for the specific demands 

of the maritime sector, including long-range operations, 

heavy cargo loads, and harsh environmental conditions. 

 

https://doi.org/10.38124/ijisrt/IJISRT24NOV829
http://www.ijisrt.com/


Volume 9, Issue 11, November– 2024                              International Journal of Innovative Science and Research Technology 

ISSN No:-2456-2165                                                                                                https://doi.org/10.38124/ijisrt/IJISRT24NOV829 

 

 

IJISRT24NOV829                                                               www.ijisrt.com                                                                                     152 

 Battery Technology: Lithium-ion batteries are the most 

common energy storage solution for small-to-medium-

sized vessels, particularly those operating on short routes. 

However, battery systems face limitations in terms of 

energy density, charging time, and cost, which restrict 

their applicability to larger vessels with longer operational 

ranges (Ayers, 2020). Ongoing R&D efforts focus on 

improving battery energy densities, developing more 
affordable battery technologies, and reducing the weight 

and size of battery systems to increase their range and 

efficiency for marine applications (Ma et al., 2021). 

 Fuel Cells: Fuel cell technology, which generates 

electricity through electrochemical reactions, is a 

promising alternative to traditional batteries, offering 

longer ranges and faster refueling times. However, fuel 

cells for maritime applications face challenges related to 

fuel availability, efficiency at scale, and integration with 

existing vessel designs. R&D in proton exchange 

membrane (PEM) fuel cells and solid oxide fuel cells 

(SOFCs) is underway to improve their efficiency, reduce 

costs, and make them more suitable for maritime use 

(Agyekum et al., 2022). 

 Supercapacitors: Supercapacitors, which store energy 

electrostatically, offer the advantage of rapid charging and 

discharging capabilities, making them ideal for vessels 
with high peak power demands, such as during port 

maneuvers. However, their lower energy density 

compared to batteries limits their use in long-haul 

maritime operations. R&D initiatives focused on 

enhancing the energy density and cycle life of 

supercapacitors are critical to expanding their role in 

maritime applications (Durvasulu et al., 2023). Figure 11 

shows the principle of operation of a supercapacitor. 

 

 
Fig 11 Supercapacitor energy storage system structure 

Source: Worku (2022). Recent advances in energy storage systems for renewable source grid integration. 

 

This device consists of two electrodes—positive and 

negative—made from materials such as activated carbon, 

separated by an electrolyte. The green bars represent 

conducting carbon, which facilitates electron movement, 
while the red bars symbolize activated carbon, which 

provides a high surface area for charge storage. When a 

voltage is applied, ions from the electrolyte form an electric 

double layer at the surface of each electrode, storing energy 

through electrostatic forces rather than chemical reactions, 

which enables rapid charge and discharge cycles (Zhang & 

Zhao, 2009; Conway, 2013). The current collectors, shown 

on the sides, facilitate electron transfer from external circuits, 

completing the charge/discharge process efficiently (Simon 

& Gogotsi, 2008). 

 

 Addressing Technical Barriers Through R&D 

To achieve large-scale adoption of ZEVs in the 

maritime industry, several technical barriers need to be 

addressed, all of which require extensive R&D. These include 

issues related to fuel production, infrastructure, and the 

integration of new technologies into existing vessel designs. 

 

 Fuel Production and Availability: Producing alternative 
fuels at scale remains one of the key technical challenges. 

For example, while hydrogen production via electrolysis 

is widely recognized as a promising solution, its cost 

remains high due to the energy-intensive nature of the 

process. Advances in electrolysis technology, such as the 

development of high-efficiency electrolyzers powered by 

renewable energy, are critical to making hydrogen 

production more economically viable (Hassan et al., 

2023). Similar challenges exist for ammonia and biofuels, 

where R&D efforts are focused on improving production 

processes and scalability. 

 Infrastructure Development: One of the major hurdles 
to ZEV adoption is the lack of fueling and charging 

infrastructure at ports. R&D efforts are essential for 

developing fueling stations and charging points for 

hydrogen, ammonia, and battery-powered vessels at key 
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ports worldwide. Additionally, research is needed to 

develop scalable, cost-effective solutions for the 

transportation and storage of alternative fuels, ensuring 

their availability at a global scale (Jeong et al., 2022). 

 Energy Efficiency in Marine Propulsion: Improving the 

energy efficiency of marine propulsion systems is another 

area of focus for R&D. Technologies such as wind-

assisted propulsion, air lubrication systems, and hull 
modifications show potential for reducing fuel 

consumption and enhancing the efficiency of vessels 

(Hasan et al., 2024). Research is also being conducted to 

improve the energy management systems aboard vessels 

to optimize fuel usage and battery storage, further 

enhancing the overall performance of ZEVs. 

 

 Collaboration Between Public and Private Sectors 

Successful R&D in alternative fuels and energy storage 

technologies requires collaboration between public and 

private sectors. Governments play a crucial role in funding 
and supporting research initiatives through grants, subsidies, 

and tax incentives, while the private sector brings technical 

expertise and innovation to the table. Collaborative initiatives 

such as the Maritime Research and Innovation Action (MRIA) 

in Europe and the Zero Emission Vessel Technology 

Collaboration Programme under the IMO demonstrate how 

industry stakeholders can come together to advance ZEV 

technologies. (Georghiou, 2001). 

 

Public-private partnerships can help address the 

financial and technological barriers to innovation by sharing 

the risks associated with developing new technologies. 
Additionally, international collaboration through initiatives 

like the Clean Shipping Coalition can help standardize R&D 

efforts and align technological advancements with global 

decarbonization goals (Doris et al., 2009). 

 

 Expanding Port Infrastructure and Supply Chains for 

Zero-Emission Technologies 

The successful transition to zero-emission vessels 

(ZEVs) in the maritime industry requires substantial 

investments in port infrastructure and supply chains. Ports 

serve as the primary hubs for fuel distribution, refueling, and 
charging, making them crucial components of the 

decarbonization process (Holder et al., 2024). However, the 

existing infrastructure is primarily designed for conventional 

marine fuels, such as diesel and heavy fuel oil. For zero-

emission technologies, such as hydrogen, ammonia, biofuels, 

and battery-electric systems, new infrastructure must be 

developed to ensure their safe, efficient, and widespread 

adoption (Kamran & Turzyński, 2024). Additionally, 

integrated supply chains for these alternative fuels must be 

established to ensure their availability at global shipping 

routes and across port systems (Enyejo et al., 2024). 

 

 Infrastructure Development for Zero-Emission Vessels 

To facilitate the widespread use of zero-emission 

vessels, ports must accommodate new fueling technologies 

that can support a variety of alternative fuels. This includes 

the development of hydrogen refueling stations, ammonia 

bunkering systems, battery charging infrastructure, and 

facilities for biofuels. 

 Hydrogen Infrastructure: Hydrogen fuel cells are seen 

as one of the most promising technologies for 

decarbonizing shipping, but hydrogen fuel requires an 

entirely new infrastructure for storage, bunkering, and 

refueling. Ports must establish hydrogen storage facilities 

and refueling stations that can safely store and dispense 

the fuel to vessels. This requires addressing the safety 

concerns associated with hydrogen, such as its volatility 
and high flammability (Serra & Fancello, 2020). 

Furthermore, hydrogen supply chains need to be 

developed, ensuring that green hydrogen, produced from 

renewable energy sources, is available at a global scale 

(Idoko et al., 2024). 

 Ammonia Bunkering: Similar to hydrogen, ammonia is 

a viable alternative fuel for shipping, but its use presents 

additional challenges due to its toxicity and potential 

environmental hazards. Ammonia bunkering 

infrastructure must be developed to manage these risks 

while ensuring that ammonia can be delivered safely to 
vessels. Ports must install specialized tanks and fueling 

systems to accommodate ammonia, as well as establish 

handling procedures for ammonia fuel to mitigate its risks 

to human health and the environment (Jesse 2021; Idoko 

et al., 2024). 

 Battery Charging Stations: Battery-electric vessels 

(BEVs) require port facilities equipped with high-capacity 

charging stations. Ports need to install large-scale 

charging infrastructure to support the growing number of 

electric vessels, particularly for short-distance routes. 

These stations should be capable of fast charging to 

reduce downtime and improve vessel turnaround times. 
However, high-capacity charging stations require 

substantial electrical power, which will necessitate 

upgrades to local energy grids to ensure adequate power 

supply (Ayers, 2020). Research into shore-based charging 

technologies, such as automated charging systems and 

smart grids, is essential to support efficient and reliable 

charging at ports. 

 

 Expanding Global Supply Chains for Zero-Emission 

Fuels 

To make zero-emission vessels commercially viable, the 
supply chain for alternative fuels must be global and well-

integrated. This requires collaboration between ports, fuel 

suppliers, governments, and shipping companies. The 

development of a robust supply chain is essential for ensuring 

that zero-emission vessels can refuel or recharge at key ports 

along major shipping routes (Raucci et al., 2019). 

 

 Hydrogen and Ammonia Supply Chains: Both 

hydrogen and ammonia require new supply chains that 

include production, storage, transportation, and 

distribution networks. Green hydrogen, produced via 

electrolysis using renewable energy, is still relatively 
expensive and requires a significant scale-up in 

production. Similarly, ammonia production must be 

ramped up to meet shipping demands, while ensuring that 

the fuel can be transported and distributed safely and 

economically. Ports can serve as central hubs for these 

fuels, where large quantities can be offloaded from 

production facilities and distributed to vessels. This will 
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require substantial investments in storage, pipelines, and 

bunkering stations (Jesse 2021). Similarly, ammonia can 

be transported as a liquid at low temperatures, and its 

supply chain infrastructure must include refrigerated 

tankers and specialized ports for bunkering. 

 Battery-Electric Vessel Supply Chains: For battery-

electric vessels, the supply chain revolves around the 

production, transportation, and storage of batteries and 
charging infrastructure. Charging stations must be 

strategically located to ensure that electric vessels can 

travel between ports without running out of charge. This 

will require coordination among port authorities, energy 

providers, and shipping companies to develop a network 

of high-capacity charging points, especially for short-

range electric vessels (Leijon & Boström, 2022). 

 Collaborative Initiatives and Policy Support: 

Collaboration between public and private sectors is 

critical to building out these supply chains. Governments 

can play a vital role by offering incentives for 
infrastructure development, including subsidies for 

building refueling and charging stations. Public-private 

partnerships can also help reduce the financial risks 

associated with the establishment of new supply chains 

for zero-emission fuels (Bashiru et al., 2024). Moreover, 

international organizations such as the International 

Maritime Organization (IMO) and the European Union 

(EU) can help coordinate efforts to create global supply 

chains for zero-emission shipping fuels, promoting 

harmonized standards for bunkering infrastructure (Deng 

& Mi, 2023). 

 

 Challenges in Expanding Infrastructure and Supply 

Chains 

Despite the clear need for expanded port infrastructure 

and supply chains, several challenges must be overcome to 

ensure the successful adoption of zero-emission technologies 

in maritime transport. 

 

 High Capital Costs: Developing new infrastructure for 

zero-emission fuels and energy storage systems requires 

significant capital investment. Ports and shipping 

companies must work together to secure funding for 
large-scale projects, which often require long timelines 

for returns on investment. Government support, in the 

form of grants, tax incentives, or low-interest loans, is 

essential to stimulate infrastructure development (Igba et 

al., 2024). 

 Technological Readiness: The infrastructure required for 

hydrogen, ammonia, and battery-electric vessels is still in 

the early stages of development. Many ports lack the 

technical expertise to safely handle these fuels, and the 

necessary safety protocols and training programs must be 

developed. Additionally, the integration of new fuel types 

into existing port operations can be technically 
challenging, especially as ports must accommodate 

multiple fuel types simultaneously (Sadiq et al., 2021). 

 Logistical Coordination: Developing global supply 

chains for alternative fuels requires careful logistical 

planning to ensure that fuel is produced, stored, and 

delivered to ports efficiently. The availability of zero-

emission fuels will depend on the alignment of production 

capacities, transportation infrastructure, and port 

operations. Governments and international bodies must 

facilitate coordinated planning to ensure a seamless 

supply chain from fuel production to final consumption at 

ports and onboard vessels (Ismail 2023). 

 

 Strategic Solutions for Expanding Infrastructure 

 
 Public-Private Partnerships: Expanding port 

infrastructure and establishing supply chains for zero-

emission technologies will require significant investment, 

collaboration, and risk-sharing between the public and 

private sectors. Public-private partnerships can provide 

financial support, technical expertise, and innovative 

solutions to accelerate the adoption of alternative fuels 

(Igba et al., 2024). 

 Digitalization and Smart Port Solutions: The adoption 

of digital technologies, such as smart grids, automated 

charging systems, and data analytics, can enhance the 
efficiency of port operations and fuel distribution. Smart 

ports equipped with advanced technologies can optimize 

fuel management and reduce operational costs, making 

zero-emission technologies more feasible (Trevathan & 

Johnstone, 2018). 

 

 Encouraging Industry Collaboration and Innovation for 

Fleet Modernization 

The decarbonization of the maritime industry is a 

complex, multifaceted challenge that requires the 

collaboration of various stakeholders—shipowners, 

shipbuilders, fuel suppliers, port authorities, regulatory 
bodies, and technology providers. Given the scale of the 

transformation needed to modernize fleets and transition to 

zero-emission vessels (ZEVs), fostering industry-wide 

cooperation and innovation is essential. Collaboration and 

innovation not only accelerate the development and 

deployment of zero-emission technologies but also help 

overcome technical, financial, and operational challenges 

associated with fleet modernization. 

 

 Collaborative Research and Development (R&D) 

Initiatives 
One of the most critical components of fleet 

modernization is the advancement of alternative fuels and 

propulsion technologies. Industry stakeholders must work 

together to fund and promote joint R&D initiatives aimed at 

improving the efficiency and cost-effectiveness of zero-

emission technologies. For example, public-private 

partnerships (PPPs) have proven successful in advancing 

clean technologies in other sectors and can be similarly used 

in the maritime industry. 

 

 Fuel Technology Development: Developing alternative 
fuels such as hydrogen, ammonia, and biofuels requires 

substantial research to improve production, storage, 

transportation, and distribution systems. Joint R&D 

efforts between fuel producers, shipping companies, and 

technology firms can help identify and optimize fuel 

pathways that are economically viable and scalable. Such 

collaborations can also focus on improving energy 

density, fuel safety, and reducing carbon footprints. For 
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example, hydrogen fuel cell technology has significant 

promise, but its adoption will require advancements in 

both production technology and the development of 

infrastructure for refueling ships at scale (Gray et al., 

2021). 

 Energy Storage Solutions: Battery-electric vessels 

(BEVs) and hybrid systems require advancements in 

energy storage technologies to make them commercially 
viable for long-haul shipping. Industry collaboration on 

battery development can lead to breakthroughs in battery 

energy density, charging infrastructure, and lifespan, 

enabling electric ships to operate over longer distances. 

Moreover, joint efforts in developing charging standards 

and fast-charging technologies can alleviate operational 

bottlenecks and make BEVs more practical for fleet 

operators (Worku 2022). 

 Wind-Assisted and Hybrid Propulsion: Wind-assisted 

propulsion technologies, such as kite sails and rigid sails, 

offer significant fuel-saving potential. However, their 
commercial deployment requires extensive testing, 

optimization, and integration with existing vessels. 

Industry stakeholders, including shipbuilders, designers, 

and maritime companies, can collaborate to accelerate the 

development and deployment of hybrid propulsion 

systems that combine traditional engines with renewable 

energy sources, improving both operational efficiency 

and environmental performance (Petković et al., 2021). 

 

 Industry Standards and Shared Knowledge 

The maritime sector faces significant challenges in 

aligning industry standards for alternative fuels and zero-
emission technologies. Developing a unified framework for 

adopting ZEVs requires industry-wide coordination to ensure 

that technologies are interoperable across regions and fleets. 

 

 Developing International Standards: The International 

Maritime Organization (IMO) and other international 

bodies have a critical role to play in setting global 

standards for zero-emission shipping technologies. 

However, industry stakeholders must collaborate to 

ensure that these standards are practical, feasible, and can 

be applied universally. This includes establishing 
consistent safety regulations, fuel specifications, and 

operational guidelines for emerging technologies such as 

hydrogen and ammonia bunkering (Jeong et al., 2022). 

Collaborative industry groups can also help share data, 

best practices, and case studies to facilitate the smooth 

adoption of zero-emission technologies. 

 Certification and Testing: Industry collaboration on the 

certification of zero-emission vessels and technologies is 

crucial to ensuring safety, reliability, and performance. 

Joint initiatives between shipowners, classification 

societies, and regulatory bodies can streamline the process 

for certifying new technologies and ensure that vessels are 
fit for operation in diverse maritime environments. This 

includes establishing testing facilities and ensuring that 

new fuel systems and energy storage technologies are 

validated under real-world conditions (Raucci et al., 

2017). 

 

 

 Applying Financing Models and Incentives 

The financial burden of fleet modernization is one of the 

primary barriers to the widespread adoption of zero-emission 

technologies. Developing innovative financing models and 

creating incentives for collaboration can help reduce the 

capital costs of adopting these technologies. 

 

 Financing Innovation: High upfront costs for zero-
emission vessels and retrofitting existing fleets present a 

major challenge for many shipping companies. To address 

this, industry stakeholders can collaborate with financial 

institutions and government bodies to create financing 

models tailored to the maritime industry. These models 

could include green bonds, low-interest loans, and other 

financial incentives designed to make fleet modernization 

more affordable (Doris et al., 2009; Slowik et al., 2019). 

Moreover, new business models, such as leasing or shared 

ownership of zero-emission vessels, could allow smaller 

operators to participate in the transition to sustainable 
shipping. 

 Government Incentives: Governments can incentivize 

fleet modernization through subsidies, tax breaks, and 

other forms of financial support. These incentives can be 

structured to encourage industry collaboration, such as 

offering funding for joint R&D projects or for 

partnerships that enable technology transfer between 

different sectors (Egeli & Guttormsen, 2024). 

Governments can also implement emission-reduction 

credit systems, where companies can earn credits by 

adopting zero-emission technologies, which can then be 

sold or used to offset their emissions (Şaşmaz 2022). 
 

 Overcoming Operational and Technological Barriers 

The successful adoption of zero-emission vessels 

requires overcoming several operational and technological 

barriers. This includes addressing the limitations of current 

technologies and finding innovative solutions to integrate 

new systems into existing fleets. 

 

 Retrofitting Existing Vessels: Many shipping companies 

cannot afford to replace their entire fleets with new, zero-

emission vessels. Therefore, retrofitting existing ships 
with zero-emission technologies is an attractive option. 

Industry collaboration is essential to develop retrofit 

solutions for different types of vessels, whether it be the 

installation of wind-assisted propulsion systems, the 

integration of battery-electric systems, or converting 

engines to run on alternative fuels such as ammonia (Chou 

et al., 2021). Furthermore, sharing knowledge between 

shipbuilders, retrofit specialists, and shipping companies 

can help reduce the cost and complexity of these 

upgrades. 

 Operational Synergies: Zero-emission vessels require 
changes in operational practices, such as optimal route 

planning, speed management, and fuel management. 

Collaboration between shipping companies and 

technological innovators can facilitate the development of 

software tools that optimize vessel operations to 

maximize fuel efficiency and minimize emissions 

(Alamoush et al., 2020). Furthermore, sharing operational 

data and insights can help companies identify best 
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practices for managing zero-emission technologies and 

improve overall fleet performance. 

 

 Policy Suggestions for Enhancing Incentives, Subsidies, 

and Long-Term Investments in Decarbonization Efforts in 

the Maritime Sector 

Decarbonization of the maritime industry is a complex, 

long-term endeavour that requires substantial investments, 
innovation, and the strategic implementation of supportive 

policies. To accelerate the adoption of zero-emission 

technologies and achieve global emission reduction targets, it 

is essential to implement robust policy frameworks that 

incentivize industry action, mitigate the risks associated with 

technological transitions, and support the scaling of 

decarbonization efforts. This section discusses key policy 

suggestions for enhancing incentives, subsidies, and long-

term investments to foster decarbonization in the maritime 

sector. 

 

 Strengthening Financial Incentives for Zero-Emission 

Technologies 

One of the major barriers to the adoption of zero-

emission technologies in maritime transportation is the high 

upfront capital cost. To overcome this challenge, policy 

frameworks must include financial incentives that make the 

transition to zero-emission vessels (ZEVs) more attractive for 

shipowners and operators. These incentives can take various 

forms, such as grants, tax credits, and subsidies for the 

adoption of sustainable technologies, as well as financial 

support for the retrofitting of existing fleets. 

 

 Subsidies for Zero-Emission Vessel Purchases and 

Retrofits: Governments should provide direct subsidies 

to shipping companies to lower the cost of purchasing or 

retrofitting vessels with zero-emission technologies. For 

instance, subsidies can support the integration of 

alternative fuel systems, battery-electric propulsion, or 

wind-assisted technologies into new and existing vessels. 

Such subsidies could be tailored to the size and type of 

vessel, the geographical region, and the specific emission 

reduction goals of the operator (Halim et al., 2018). For 

example, the European Union has implemented a series of 
green subsidies under the European Green Deal that could 

be a model for maritime decarbonization. 

 Investment Tax Credits: Similar to tax credits available 

for renewable energy technologies, tax credits for the 

purchase and installation of zero-emission technologies in 

the maritime sector could reduce the initial financial 

burden on companies. These credits could be extended 

over a period of time to make the investment more 

feasible for small and medium-sized enterprises (SMEs) 

in the maritime industry (Igba et al., 2024). 

 Research and Development (R&D) Grants: To 

stimulate the development of new technologies, 
governments should increase funding for R&D initiatives 

focused on alternative fuels, energy storage, and other 

zero-emission propulsion systems. Collaboration between 

public institutions and private companies can help 

accelerate innovation and reduce the risks associated with 

the development of new technologies. Joint R&D 

initiatives can also focus on developing more efficient 

technologies, such as ammonia engines or hydrogen fuel 

cells, which can be critical for the sector’s 

decarbonization goals (Fan et al., 2021). 

 

 Long-Term Financing for Zero-Emission Shipping 

Infrastructure 

The widespread adoption of zero-emission vessels 

requires significant investment in supporting infrastructure, 
such as fueling stations, charging facilities, and ports 

equipped for the handling of alternative fuels. To facilitate 

this transition, governments must ensure that long-term 

financing mechanisms are in place for building and upgrading 

port infrastructure. 

 

 Infrastructure Investment Programs: Governments can 

create dedicated infrastructure funds to support the 

development of the necessary refueling and charging 

infrastructure for zero-emission ships. These funds can 

provide low-interest loans or grants to port authorities and 
private companies to build and retrofit facilities that are 

compatible with zero-emission fuels such as hydrogen, 

ammonia, or biofuels. Additionally, ports and fuel 

suppliers can receive financial assistance for upgrading 

facilities to handle new energy sources and ensure that 

fuel distribution networks are capable of supporting a 

decarbonized fleet (Chou et al., 2021). 

 Public-Private Partnerships (PPPs): Given the 

significant costs of building infrastructure for zero-

emission vessels, PPPs can be an effective way to pool 

resources and distribute the financial risk. Through such 

partnerships, governments and private enterprises can 
work together to develop shared infrastructure that 

benefits the entire shipping industry. These partnerships 

can be structured to ensure that both public and private 

stakeholders have a vested interest in the success of the 

infrastructure projects, ensuring continued investment and 

innovation in decarbonization technologies (Doris et al., 

2009; Ijiga et al., 2024). 

 

 Establishing Carbon Pricing Mechanisms and Emission 

Reduction Incentives 

To create an effective market-based mechanism for 
reducing maritime emissions, policymakers must introduce 

robust carbon pricing frameworks that incentivize the 

adoption of low-carbon technologies. 

 

 Carbon Tax or System (ETS): One of the most effective 

ways to drive emissions reductions in the maritime sector 

is by implementing a carbon tax or an ETS, where 

companies must pay for their carbon emissions. This 

policy creates an economic incentive for shipping 

companies to invest in zero-emission technologies to 

reduce their overall emissions and associated costs. Such 
market-driven policies have been successful in other 

industries and can be expanded to maritime transport to 

foster competition for cleaner technologies (Jeudy-Hugo 

et al., 2021). 

 Emissions Reduction Credits and Trading: To provide 

additional incentives for early adopters, policymakers can 

introduce emissions reduction credits that shipowners can 

earn by adopting zero-emission technologies or reducing 
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emissions beyond the required levels. These credits could 

then be traded or used to offset future emissions, allowing 

companies to recoup some of their investment in 

decarbonization technologies (Şaşmaz 2022). A robust 

emissions trading system could also encourage companies 

to innovate and find cost-effective ways to reduce their 

emissions (Driesen 2003). 

 

 Expanding International Policy Cooperation 

Given the global nature of the maritime industry, 

international collaboration is crucial to creating a cohesive 

and effective policy framework for decarbonization. Policy 

alignment between countries and international organizations 

can help ensure that decarbonization efforts are harmonized 

and not hindered by regulatory fragmentation. 

 

 Aligning National and International Regulations: 

Governments should work with international 

organizations such as the International Maritime 
Organization (IMO) to align national regulations with 

international emissions targets, such as the IMO's 2050 

decarbonization goals. Harmonizing national and 

international regulations can reduce the administrative 

burden on companies and create a level playing field for 

operators globally. By aligning regulations across regions, 

countries can prevent the issue of "carbon leakage," where 

stricter emissions policies in one region drive shipping 

companies to operate in regions with looser regulations 

(Torbitt & Hildreth 2010). 

 Multilateral Climate Agreements: Multilateral 

agreements, such as the Paris Agreement, can further 
strengthen international efforts by setting binding 

emission reduction targets for the maritime sector. 

Countries can support these agreements by enacting 

national policies that align with global targets, thus 

providing a strong, unified framework for reducing 

emissions (Rogelj et al., 2016). 

 

 Promoting Market Demand for Zero-Emission Shipping 

Finally, governments can incentivize demand for zero-

emission shipping by establishing clear frameworks for green 

procurement and encouraging cargo owners to prioritize low-
emission shipping services. These policies can include: 

 

 Green Shipping Standards: Governments can introduce 

labeling systems for vessels and shipping services that 

meet specific environmental criteria, such as using zero-

emission technologies. This can help cargo owners make 

informed decisions and select carriers that prioritize 

sustainability (Ismail 2023). In addition, green 

procurement policies can be implemented to encourage 

public and private sector organizations to choose zero-

emission shipping for their supply chains (Howarth & 
Winfield, 2023). 

 Carbon Footprint Reporting: Requiring companies to 

disclose the carbon footprint of their shipping operations 

can increase transparency and drive demand for 

sustainable shipping solutions. By providing information 

about the environmental impact of shipping services, 

companies may be more likely to adopt green 

technologies to enhance their reputation and reduce their 

emissions (Das & Ghosh, 2023). 

 

VI. CONCLUSION 

 

In conclusion, the decarbonization of the U.S. maritime 

industry is essential to achieving both national and global 

climate goals, but it faces substantial challenges, including 
high capital costs, regulatory fragmentation, and 

infrastructure limitations. A multifaceted policy approach is 

required to overcome these obstacles, including the 

introduction of financial incentives, such as subsidies and tax 

credits, to ease the adoption of zero-emission technologies 

(Igba et al., 2024). Long-term investments in infrastructure, 

particularly in fueling, charging, and port facilities, are 

critical for supporting the widespread deployment of zero-

emission vessels (Serra & Fancello, 2020). Furthermore, 

market-driven mechanisms like carbon pricing, emissions 

trading, and green procurement policies can incentivize 
shipping companies to prioritize sustainability, while creating 

demand for cleaner vessels (Şaşmaz 2022). Policy alignment 

at the international level, particularly with organizations like 

the International Maritime Organization (IMO), is vital to 

ensure that regulatory frameworks are consistent and 

supportive of global decarbonization targets (Doris et al., 

2009). However, there remains a need for greater investment 

in research and development, especially in alternative fuels 

and energy storage technologies, to reduce the technological 

uncertainties surrounding zero-emission vessels (Georghiou, 

2001). Public-private partnerships will also play a significant 

role in accelerating the adoption of decarbonization 
technologies, by spreading financial risks and encouraging 

collaborative innovation (Akomea-Frimpong et al., 2022). 

Ultimately, through comprehensive regulatory frameworks, 

robust investment in infrastructure, and strong industry 

collaboration, the U.S. maritime industry can successfully 

transition to zero-emission technologies, ensuring its role in 

global decarbonization efforts while also driving economic 

growth and sustainability in the sector. 
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