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Abstract

Climate change has exacerbated the need for transitional shifts within high-impact sectors, notably
maritime transport, which facilitates nearly 90% of global trade. In response, the International
Maritime Organization (IMO) has implemented stricter environmental regulations under MARPOL
Annex VI which includes, among other things, the designation of Emission Control Areas (ECAs)
and Particularly Sensitive Sea Areas (PSSAs). These regulatory instruments have prompted the
uptake of new technologies, such as scrubbers, LNG propulsion, and low-sulphur fuels to mitigate
emissions in these zones. However, emerging evidence has raised environmental concerns about
these solutions which may offset their intended climate benefits. This study investigates the
hypothesis that ECAs and PSSAs act as catalysts for maritime environmental advancements through
a systematic mapping of 76 peer-reviewed articles. Drawing on data from Scopus and Web of Science,
the study analyzes trends in technological advances, publication timelines, geographic research
distribution, and the increasing role of decision-support tools for regulatory compliance. Findings
show increased academic outputs particularly in China, North America, and Europe, and suggest
that achieving effective emissions reduction requires globally harmonized policies, bridging
research-practice gaps, and targeted financial support to ensure sustainable outcomes throughout the
sector. The study suggests that for ECAs and PSSAs to deliver truly sustainable outcomes, global
regulation must be supported by empirical performance assessments, environmental safeguards for
compliance technologies, and targeted support for developing maritime regions.

Keywords: emission control areas (ECA); particularly sensitive sea areas (PSSA); systematic
mapping; regulatory compliance; international maritime organization (IMO); maritime governance;
MARPOL Annex VI

1. Introduction

The shipping sector, which transports 80% of all goods globally, sits at the core of global trade,
hence, there is no question about the industry's economic importance [1]. Systemic changes in many
industrial sectors have been sparked by the growing urgency of climate change, and maritime
transport is coming under increased scrutiny because of its effects on the environment [2]. Large
diesel engines burning heavy fuel oil have dominated maritime shipping for decades and have been
found to generate air pollutants including sulphur oxides (SO), nitrogen oxides (NOy), and
particulate matter (PM) [3]. Previous studies estimate that PM from shipping emissions resulted in
approximately 60,000 cardiopulmonary and lung cancer deaths globally per annum, most of which
occurred near coastlines in Europe, East Asia, and South Asia [4]. Maritime decarbonization, which
aims for the total elimination of carbon emissions by 2050, has been at the forefront of the
international maritime agenda since the early 2000s. To achieve this lofty goal, the International
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Maritime Organization (IMO) established frameworks to mitigate the environmental impacts of
shipping under a global greenhouse gas strategy. This includes the introduction of global fuel
standards, mid-term decarbonization measures, and various market-based approaches that aim to
incentivize the shift towards more sustainable practices [5].

Prior to the introduction of these recent initiatives, the global focus was geared initially towards
the protection of the marine ecosystem. These protection mechanisms were under established as
regulatory measures under the International Convention for the Prevention of Pollution from Ships
(MARPOL). Dubbed as special areas, emission control areas are more general in scope aim to remove
SOy, NOy, and Particulate Matter (PM) from the atmosphere, while particularly sensitive sea areas
(PSSA) emerged from a concern due to vessel-source pollution, and require special protection due to
their “recognized ecological, socio-economic, or scientific attributes which may be vulnerable to
damage by international shipping activities”[6,7]. The IMO is the only body with the authority to
designate sites, and they must be proven to be valuable and susceptible to the effects of international
shipping [8]. Since 1990, the IMO has established 15 PSSAs. The regulatory framework governing
these zones has evolved due to changing patterns. Sulphur content limits in marine fuel have been
progressively tightened, with the global cap reduced to 0.50% m/m in 2020 outside ECAs, and a 0.10%
m/m limit within ECAs since 2015 [9]. Between 2006 and 2016, four emission control areas under
MARPOL Annex VI were established. These regulatory zones were initially established in regions
such as the Baltic Sea and the North Sea and have since been extended to other regions such as the
United States Caribbean Sea and the North American coastline [7]. The Mediterranean became the
fifth ECA as of 1 May 2025, with the Canadian Arctic and the Norwegian Sea both concurrently
becoming the sixth and seventh ECAs for NOy and SO, on 1 March 2026 and 1 March 2027
respectively [10]. This will result in a close to 50% global regional sea coverage being designated
ECAs under MARPOL Annex VI.

The introduction of these zones accelerated the adoption of technological and operational
innovations in shipping. To comply with these regulations, shipowners have been forced to choose
from a variety of methods, each with significant operational, financial, and technical implications.
Switching to low sulphur fuels or the use of scrubbers have become the most popular mechanisms
employed by shipowners due to the lack of technology support and shore-based infrastructure [11].
Scrubbers, also called exhaust cleaning systems, are of two types: dry and wet. Dry scrubbers use
absorbents to remove SO, from the exhaust gas, while wet scrubbers are devices that remove SO, and
other pollutants by washing them with a liquid before the gases are released. These systems are
allowed under MARPOL once the SO, content released remains within the regulatory limits [12].
Both scrubbers and low sulphur fuels do not require extensive operational intervention and extensive
crew restructuring and management and are generally adopted amongst the shipowners. Studies
have also shown that alternative fuels, such as LNG, hydrogen, methanol, have the potential to
reduce CO2 emissions by upwards of 20% to 100%, depending on the type [13]. Additionally, other
strategies like slow steaming and advanced voyage planning, are increasingly being used to reduce
emissions and operating costs.

Regional variations in ECA and PSSA compliance result from a number of factors that ultimately
impact their efficacy. Enforcement and supervision are two examples of such factors. Research
indicates that enforcement asymmetries result from lack of institutional capacity and resources to
oversee adherence to maritime regulations [14,15]. As a crucial enforcement tool, Port State Control
(PSC) examines ships to make sure they adhere to international agreements [16]. However, there are
issues when state-to-state variations in inspection rates and standards are significant. Thus, this gives
ships a way to possibly take advantage of these legal loopholes by strategically changing their routes
or fuels to save money on compliance fees [17]. The disparity in enforcement capabilities among
MARPOL signatories leads to a patchwork of compliance, where flag states may not always exercise
stringent oversight, which could lead to a climate of noncompliance [14]. Coupled with this is the
added concern about the environmental effects of the mitigating technologies and strategies.
Although scrubbers quickly emerged as the solution of choice for many shipowners, states in
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exercising their authorities under Article 211(3) of the United Nations Convention on the Law of the
Sea (UNCLOS), took a counteractive move. As of June 2020, a total of sixteen ports restricted the use
of scrubbers. Twelve of these banned open loop scrubbers specifically [18]. Several studies
demonstrate that scrubber water contains very high concentrations of pollutants, and implied that
the use of scrubbers could potentially even add a new source of metal pollution from ships to the
environment [19]. Recognizing this, an increasing number of states have since further imposed strict
restrictions or full bans on scrubber water discharge from both open and closed loop scrubbers due
to concerns over heavy metals in discharge effluent [20]. Similarly, while LNG has been adopted as
a cleaner fuel alternative, it has been found that methane slip may undermine its climate benefits,
potentially making it more harmful than conventional marine fuels in the long term [21]. This raises
questions about the long-term role of LNG in meeting the industry’s decarbonization goals and
highlights the need for life cycle assessments when evaluating fuel alternatives [22-24].

The evolving role of ECAs and PSSAs in maritime governance underscores not only the progress
made in environmental regulation but also the complexity of the environmental performance of the
mitigating technologies and strategies, as well as, ensuring universal adherence to these standards.
This study systematically maps existing literature to clarify how ECAs and PSSAs have influenced
compliance strategies and driven innovation within the maritime sector, offering critical insights into
jurisdictional approaches and identifying areas in need of further research. While the primary aim is
descriptive, capturing trends in technological development, regulatory focus and regional disparities,
the study is also motivated by an exploratory hypothesis: ECAs and PSSAs act as catalysts for
maritime environmental advancements, as evidenced through technological responses, policy
evolution, and scholarly discourse. The study assesses the extent to which peer-reviewed literature
supports this proposition and seeks to determine whether special areas not only ensure compliance
but also act as catalysts for innovation and systemic change. The remainder of this paper is organized
as follows: Section 2 outlines the methodology used for data collection, selection, and analysis,
including bibliometric and thematic clustering approaches. Section 3 presents the results, including
trends in publication output, geographical distribution of research and key thematic clusters. Section
4 offers a critical discussion of the findings in relation to technological development, economic
implications, and regulatory governance. Finally, Section 5 concludes the paper by summarizing key
insights and offering recommendations for future research.

2. Materials and Methods

In the study we applied the systematic mapping study (SMS) process which enabled the authors
to cover a wide range of publications within the focus of the study. SMS allows for the clear
identification of research gaps, state-of-the-art research areas and sub-areas through a structured
process [25]. Systematic mapping studies provide a structured way of analyzing research reports and
while similar to systematic literature reviews, mapping studies differ in terms of how the probe is
approached, publications explored and reviewed [26,27]. The process began with the development
of focused research questions in support of the main hypothesis. These questions focused on the
emission control and particularly sensitive sea areas and the resultant effects of these policies on the
shipping sector. Table 1 outlines the research questions used in this study.

Table 1. Research questions for the study.

Nr. Research Question

RQ1 How have Emission Control Areas (ECAs) and Particularly Sensitive Sea Areas
(PSSAs) influenced the development and adoption of low-emission maritime
technologies since their implementation?

RQ2  What patterns and trends emerge from the academic literature on ECAs and PSSAs in
terms of geographic focus, methodological approaches, and thematic priorities?
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RQ3  What role do multi-criteria decision-making models play in supporting sustainable
fuel selection and operational strategy compliance within special emission zones?

RQ4 What are the main regulatory, economic, and operational challenges faced by
stakeholders in complying with MARPOL's emission zone regulations, and how do
these challenges vary across global regions?

The SMS process should be carried out meticulously and transparently according to a prescribed
process which aligns consecutive steps with an outcome throughout each phase. The literature
analyzed in the study was retrieved from two databases, selected based on their expansive scope and
applicability to the domain of study. The strategically selected databases are Scopus and Web of
Science, both of which are generally accepted as the most comprehensive multi-purpose data sources
[28]. Of the two, Web of Science was first established and emerged as the most influential
bibliographic data source; while Scopus, although later established, is now proven to be a reliable
source for a wide range of available research across multiple fields [29,30]. The keywords used to
conduct the searches were influenced by the research questions probing the study. As such, several
combinations of keywords were used, being, “special emission control area AND SECA”, “MARPOL

V7]

Annex VI AND environmental protection”, “shipping regulations AND technology AND special
area”, “particularly sensitive sea area AND PSSA”, and “emission control area AND ECA”.

As depicted in Figure 1, the search yielded an overall total of 358 papers, which were then put
through a phased screening process. Following the initial screening, which involved reading of the
title, abstract and keywords, a total of 169 studies deemed irrelevant, were removed from the dataset.
An additional 39 papers were excluded due to inability to access the full text, leaving a total of 150
papers as potentially relevant to the study. Thereafter, 64 duplicate entries were identified and
removed, resulting in a total of 86 unique and potentially relevant papers. At the final stage, a full
text review was performed for each paper. To ensure relevance and contextual appropriateness, the
papers were screened based on the inclusion of operations within emission control areas or
particularly sensitive sea areas. The papers which included regulatory focus, technological content,
as well as environmental and operational aspects were also included. To maintain methodological
rigour the type of study was also taken into consideration, with a focus on empirical investigations
or other quantitative or qualitative studies. Following this review 10 papers were excluded as they
were not considered relevant to the focus of the study, leaving a total of 76 relevant papers for
analysis.

Process steps

Define Research Conduct Initial Removal of Full text
questions Search screening duplicates review
Outcome
v v A4
. All available Potentially Unique and Relevant
Review scope literat 1 ¢ potentially
iterature relevant papers relevant papers papers
Paper count
A A4 A A
Not yet defined 358 150 86 76

Figure 1. Systematic mapping process for the study.
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3. Results

The mapping results are presented according to the research questions. Of the studies, 68
focused on emission control areas, while 8 studies focused on particularly sensitive sea areas (see
Table 2). Notably, none of the studies in the study dealt with both emission control areas and
particularly sensitive sea areas within a single integrated analysis. Each topic was discussed
independently, with no crossover in the same study.

Table 2. Overview of the literature contained in the study.

Focus Studies
ECA [31-98]
PSSA [99-106]

The analysis of the 76 reviewed studies reveals a clear upward trajectory in academic interest
surrounding ECAs and PSSAs over the past two decades (see Figure 2). The timeline illustrates a
relatively dormant period between 2004 and 2012, with only one to two publications per year. This
stagnation reflects the early stages of policy development and limited real-world implementation of
ECA and PSSA frameworks during that period.

0
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021 2022 2023 2024 2025

Figure 2. Yearly distribution of peer-reviewed publications on ECAs and PSSAs from 2004 to 2005.

A gradual increase began in 2013, coinciding with the introduction and enforcement of stricter
sulphur emission limits under MARPOL Annex VI. Specifically, this period aligns with the
implementation timeline of Resolution MEPC.176(58), adopted in October 2008, which amended
Annex VI to reduce allowable sulphur content in marine fuel. Under this amendment, the sulphur
cap within designated ECAs was reduced to 0.10% m/m, while the global cap was scheduled to
decrease to 0.50% m/m. Although the global sulphur cap did not take effect until later, the 2013-2015
period was marked by compliance preparations, intensified research into technological and economic
impacts, and early enforcement measures in existing ECAs such as the Baltic Sea (since May 2005),
North Sea (since November 2006), and the North American ECA (August 2011). The number of
publications rose steadily from 2014 onward, with notable surges in 2015 and again between 2018
and 2022. The peak in 2022 (12 papers) marks the highest annual output in the dataset, indicating the
intensifying focus on compliance strategies, regulatory enforcement, and technology evaluation as
the shipping industry braced for full implementation of the IMO 2020 global sulphur cap.

Although there was a temporary decline in 2023, the literature rebounded in 2024, concurrent
with discussions about a new PSSA designation in the Arctic and a shift in attention toward
institutional governance, regional enforcement disparities, and the integration of ECAs into broader

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.

d0i:10.20944/preprints202507.1973.v1


https://doi.org/10.20944/preprints202507.1973.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 July 2025 d0i:10.20944/preprints202507.1973.v1

6 of 23

climate regimes. This is followed by a moderate count in 2025 (to date), which reflects sustained
engagement, especially around emerging technologies, digital enforcement tools, and evolving
policy mechanisms such as carbon pricing and green corridors. This renewed scholarly attention
coincides with the adoption of the 2023 IMO Revised Strategy on the Reduction of GHG Emissions
from Ships, agreed at MEPC 80 (July 2023). The revised strategy set an enhanced ambition for the
sector to reach net-zero GHG emissions by 2050, with indicative checkpoints in 2030 and 2040, and
includes specific targets for carbon intensity reduction and uptake of low emission technologies and
fuels. It also introduced a combination of technical and economic instruments, such as carbon pricing
mechanisms and market-based measures (MBMs). Additionally, the strategy encourages the
establishment of green corridors, decarbonized shipping routes between major ports, as testing
grounds for scalable emissions reduction frameworks.

The literature also spans a diverse array of academic journals, reflecting the interdisciplinary
nature of maritime environmental governance. As illustrated in Figure 3, the highest concentration
of publications is found in Transportation Research Part D: Transport and Environment (10 papers)
underscoring its central role in publishing work at the intersection of transportation policy and
environmental sustainability. Marine Policy (7 papers) also serves as a key outlet for regulatory and
governance-focused studies related to maritime emissions and conservation zones. Other journals
with notable representation include Marine Pollution Bulletin (4 papers), known for its focus on
marine environmental risks and mitigation strategies, and Journal of Cleaner Production and
Maritime Policy & Management (2 papers each), which frequently publish techno-economic and
operational analyses.

12

10

Figure 3. Distribution of publications by Journal source.

The diverse scope of other journals indicates the breadth of methodological approaches, from
atmospheric modelling and life cycle assessment (LCA) to legal analysis and policy evaluation. This
distribution reveals that ECA and PSSA research is not confined to a single academic domain but is
instead dispersed across transportation, environmental science, technology, law, and engineering.
The spread also reflects the growing integration of regulatory discussions into journals with a highly
technical focus, highlighting the increasing relevance of emissions control zones in broader
environmental and infrastructure discourses.
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3.1. Technological Response to Emission Regulations (RQ1)

The introduction of tightening regulations within shipping expectantly results in significant
operational, design, and management changes. The findings from the systematic mapping study
highlight that since the establishment of ECAs and PSSAs, there have been progressive technological
responses and adaptations to meet the new restrictive measures. There was diverse focus within the
papers. Only 8 of the papers had a purely technical focus, while 13 included a combined technical
and economic analysis, along with other combinations of policy, technical, technological and
economic discussions.

3.1.1. Scrubbers

As depicted in Figure 4, the most frequently analyzed technologies or solutions were scrubbers
accounting for 19 studies. According to literature, these measures were favoured as they facilitated
fast compliance at a relatively low cost. With scrubbers or exhaust gas cleaning systems, shipowners
can continue operating on high sulphur fuels and removing sulphur oxides from the exhaust gases
before they pollute the air. Many of the studies explored the technical efficiency of scrubbers and
their ability to enable compliance with the IMO sulphur regulations. Studies discussed the design of
scrubbers, discussing the efficiency of closed loop as opposed to open loop scrubbers. However, the
analysis extended into looking at the cost-effectiveness, return on investments and a few on the
environmental impacts. It was highlighted that this measure came with a high capital cost but with
long term benefits. As such, as mentioned in some studies, these are primarily suitable for large
vessels which frequent the emission control areas or multiple ECAs throughout their voyages.

Scrubbers

LNG

Fuel Switching

Alternative fuels (Methanol, Biodiesel, Ammonia)

Low Sulfur Fuel Types

Dual-fuel Engines

SCR Systems

Emission Monitoring Tech (UAVs, Remote Sensing, CEMS)
Shore Power

Technological solutions

Waste Heat Recovery
Speed Optimization/ Slow Steaming
Al-based Routing
0 2 4 6 8 10 12 14 16 18 20
Number of studies

Figure 4. Technological adaptations reflected in the studies.

3.1.2. Alternative Fuels

The use of alternative fuels was also mentioned in a significant number of studies. Liquified
natural gas (LNG) is used as a compliance strategy in a number of studies, 17 in total. Despite
recognized infrastructure limitations and high investment requirements, LNG was popular among
newly constructed vessels (Figure 5). Numerous studies also addressed the need for port bunkering
facilities. However, it was discovered to have provided notable decreases in SO, NO,, and
particulate matter. There was also a lot of discussion about switching to cleaner fuels and low-sulphur
fuels in eight and six papers, respectively. Because it offered a comparatively lower capital
requirement but, on the other hand, resulted in higher operational costs, this was typical of vessels
that transited ECA areas. Considered a short-term compliance mechanism, this approach featured in
short sea shipping and feeder services with short transits and predetermined routes and schedules.
Low sulphur fuels were also considered to be MARPOL Annex VI compliant but were not very
effective in contributing to long-term GHG mitigation. Four studies discussed other alternative fuels,
such methanol, biodiesel, and ammonia which are mostly evaluated in simulation or pilot contexts
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as their real-world application is affected by lack of knowledge, technical immaturity, danger risks,
and lack of or limited bunkering and safety infrastructure.

Figure 5. Technology focus by study type.

3.1.3. Dual-Fuel Engines and Selective Reduction Systems

The use of selective catalytic reduction systems and dual-fuel engines was elaborated in 3 studies
each. Other technological measures included unmanned aerial vehicles or drone-based emission
monitoring which was in 4 studies and artificial intelligence-based routing in 1 study. Methanol,
waste heat recovery and shore power were included in 2 studies. In contrast, the few studies that
addressed PSSAs emphasized operational adjustments rather than technological adoption. These
included rerouting, speed reductions, and increased navigational awareness, particularly in
biodiversity-sensitive zones such as the Tubbataha Reefs or the Bering Strait.

No studies reported the direct adoption of emissions reduction technologies in response to PSSA
designation.

3.2. Geographic, Methodological, and Thematic Patterns (RQ2)

3.2.1. Geographic Distribution of Studies

There is significant regional, methodological, and thematic clustering in the literature on ECAs
and PSSAs. A proportionate breakdown of studies by region is shown in Figure 6, which emphasizes
the concentration of ECA and PSSA research in a small number of jurisdictions. According to the
country's policy on domestic ECAs in the Pearl River Delta (2016), Yangtze River Delta (2017), and
Bohai Rim (2018-2019), 29% of the studies in the dataset are from China. Policy enforcement, fuel
switching tactics, and the use of remote sensing technologies like satellite-AIS systems and
unmanned aerial vehicles (UAVs) for emissions monitoring and compliance verification were the
main topics of research in this area. In order to assess government-led subsidy schemes and
infrastructure retrofitting programs targeted at reducing emissions, Chinese studies generally
combine empirical ship-level data with techno-economic modelling. Among the first ECAs
designated under MARPOL Annex VI were the North Sea and Baltic Sea regions, which accounted
for 24% of studies. Research in this area focusses on the economic effects of strict emissions
regulations as well as technological mitigation strategies, such as the use of LNG propulsion
technologies and exhaust gas cleaning systems (scrubbers). The modal shift risk, where stringent
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sulphur caps may unintentionally divert cargo from maritime to road or rail transport, recurs
frequently. Thanks to consistent EU funding and data availability, these studies commonly use cost-
benefit analyses, optimization modelling, and policy scenario evaluations.

Arctic/Bering Strait
7%

Southeast Asia
9%
China

Mediterranean
11%

North America
20%

Figure 6. Geographic focus of the studies.

Literature from North America (20%) which covers the U.S. and Canadian ECAs and the
Caribbean Sea, primarily address regulatory enforcement, cost mitigation strategies, and compliance
behaviour. The Mediterranean Sea, representing 11% of studies, is currently undergoing
deliberations for ECA designation. Accordingly, studies in this region are largely predictive and
policy-driven, using scenario-based modelling and stakeholder engagement analysis to project the
environmental, economic, and political consequences of ECA implementation. These studies
underscore the need for regulatory harmonization among EU and non-EU Mediterranean states,
reflecting the region’s complex geopolitical fabric. Southeast Asia accounts for 9% of studies,
predominantly related to PSSA proposals and governance design. Areas like the Lombok Strait and
Tubbataha Reefs are commonly cited as high-priority regions for protection. The Arctic and Bering
Strait region, representing 7% of the literature, adds a unique dimension by emphasizing climate
vulnerability, indigenous governance structures, and resilience-based maritime policy frameworks.
Research from this region is largely normative, addressing the suitability of PSSAs in ecologically
critical but politically sensitive regions beyond national jurisdiction.

3.2.2. Methodological Patterns in the Literature

The study shows that empirical and optimization-based methods clearly predominate,
especially in research pertaining to ECA, as shown in Figure 7. About one-third (25) of the reviewed
papers are empirical studies, making them the largest methodological category. To assess ship-level
compliance, emissions trends, and enforcement results, these investigations usually make use of
Automatic Identification System (AIS) data, port call logs, and onboard fuel sampling. Remarkably,
Chinese research was the first to monitor compliance using remote sensing technologies, such as
high-resolution satellite imagery and unmanned aerial vehicles (UAVs). On the other hand, studies
conducted in North America and Europe use longitudinal data from emissions inventories and vessel
tracking systems. With 18 studies, optimization modelling is the second most common approach, as
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shown in the figure. These studies examine compliance tactics, technology investments, and financial
trade-offs using mathematical programming, route and speed optimization, and multi-objective
decision-making frameworks. Decisions regarding the installation of scrubbers, the use of dual-fuel
engines, and the best routes for navigation within and around ECAs are among the subjects covered.
The PSSA literature is primarily linked to case study methodologies, which are used in 14 studies.
These studies examine how policies are implemented, how stakeholders interact, and how
institutions have changed. Examples include the regulation of sulphur emissions in the Baltic Sea, the
installation of LNG infrastructure in East Asian ports, and the designation of PSSAs in the Bering and
Lombok Straits, which are sensitive maritime corridors.

25
20
15
10

5 ’

0

Optimization Empirical Studies Case Studies Legal Analysis
Models

Figure 7. Methodological patterns from the study.

Legal analyses, found in 9 studies, are similarly concentrated in the PSSA literature, where
regulatory innovation, normative discourse, and jurisdictional complexity play a central role. These
studies interpret international legal frameworks, including MARPOL Annex VI and relevant IMO
resolutions, and frequently engage with governance challenges in Areas Beyond National
Jurisdiction (ABN]J). A smaller yet emerging strand of the literature (6 studies) employs life cycle
assessment (LCA) methodologies to evaluate the full environmental footprint of emission reduction
technologies and alternative fuels.

3.2.3. Thematic Patterns in the Literature

Five related thematic clusters that represent changing research priorities can be found in the
literature on ECAs and PSSAs. These clusters, which are compiled in Table 3, are influenced by
disciplinary influences, methodological philosophies, and region-specific issues. The majority of the
reviewed literature focusses on technological interventions. This body of work makes extensive use
of key terms like "scrubbers," "LNG," "fuel switching," and "shore power." In areas with strong
environmental enforcement regimes, such as the North and Baltic Seas, China, and North America,
empirical case studies, techno-economic analysis, and simulation modelling are particularly
common.

Table 3. Thematic overview of the studies.

Theme Representative Primal’y I‘egion(s) Of Methodological Representative
Terms focus Orientation  Authors/Studies
Technological hi imulati
echnologica Scrubbers, LNG, China, Simu a’?lon [31,40]
Abatement modelling,
Solutions Fuel switching, Baltic/North Sea, Techno-economic
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Shore power North America analysis
ECA enforcement, Empirical
Regulatory SECA, IMO Global, China, monitoring, legal [64,94]
Enforcement and strategy, North America analysis
Compliance UAYV monitoring,
AIS tracking
h Asi
Governance, Sout Aii:itc St Qualitative policy [103,104,106]
Policy and Mediterr. ;1 n nalysis
Governance PSSA designation, editerranea anazysis,
. stakeholder
Innovation 1. .
subsidies mapping
Unintended Modal shift, Baltic/North Sea, OptlmIZfithn [48,88]
Consequences and modelling,
q . . North America Cost-benefit
Systemic Effects ~ Emissions leakage .
analysis
Medit i
. Green corridors, editerranean, Scenaflo [80,84]
Emerging and Cross- modelling,
Cutting Concepts Carbon pricing, Global

Policy f i
methanol olicy forecasting

The application and effectiveness of regulatory tools under MARPOL Annex VI represent yet
another recurring theme. This category of studies focusses on ECA enforcement mechanisms,
frequently using compliance metrics and real-time tracking technologies to evaluate the effectiveness
of port-state control and flag-state behaviour. A key component of this line of work is the
incorporation of digital surveillance technologies, such as Automatic Identification Systems (AIS),
Unmanned Aerial Vehicles (UAVs), and on-board fuel sampling. This cluster also includes a
significant number of legal analyses that look at the uniformity and jurisdictional scope of
international enforcement regimes. Scholarship pertaining to PSSA is typically more institutionally
orientated, with a focus on stakeholder engagement, designation procedures, and governance
innovation. The application of qualitative techniques like discourse analysis, institutional mapping,
and policy analysis defines this cluster. Intergovernmental coordination, ecological vulnerability
assessments, PSSA designation criteria, and integration into marine spatial planning are common
themes. Growing regional interest in flexible, context-specific governance models is reflected in case
studies from the Mediterranean, Southeast Asia, and the Arctic.

Novel regulatory and technological paradigms related to maritime decarbonization from the
Mediterranean and globally are covered in a more recent and forward-looking body of literature.
This cluster is dominated by scenario modelling and policy forecasting techniques, which
demonstrate an interdisciplinary shift towards long-term, scalable solutions. The International
Maritime Organization's (IMO) changing stance on greenhouse gas emissions and the industry-wide
movement towards low- and zero-emissions shipping are closely aligned with this literature. The
externalities and system-wide feedback effects of regional environmental regulations are the focus of
a critical line of research. Under this theme, studies look into topics like emissions leakage from
deliberate route changes to avoid ECAs and modal shifts from sea to land transportation. To measure
these effects, cost-benefit analysis and optimization modelling are commonly used.

3.3. Role of Decision Models in Fuel Selection and Compliance Strategy (RQ3)

A key tool in the literature on maritime emissions compliance, especially in ECAs, is decision-
support modelling. At least 15 of the 76 reviewed studies use formalized modelling techniques to
guide compliance strategies in the face of uncertainty. Real Options Analysis (ROA) is a well-known
method in this field that has been used to evaluate the timing of capital-intensive decisions like
installing LNG propulsion systems or equipping ships with scrubbers. Based on dynamic factors like
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anticipated fuel price spreads, anticipated ECA enforcement dates, or anticipated regulatory
tightening, ROA offers a framework for delaying or staging investments. This approach recognizes
the importance of managerial adaptability in a setting where market and regulatory conditions are
constantly changing. Another popular method is Multi-Criteria Decision Analysis (MCDA), which is
especially useful when there are several, frequently incompatible goals that need to be reconciled,
like technical viability, cost reduction, and emissions reduction. Structured comparisons of
alternative technologies or operational configurations are made possible by MCDA frameworks, such
as weighted-sum and Pareto-front approaches. These models facilitate integrated decision-making in
a variety of domains, including adaptive routing, dual-fuel engine installation, and fuel switching.
The most widely used optimization technique for operational planning is Mixed Integer
Programming (MIP). Routing, bunkering, and retrofit scheduling problems, where discrete decisions
must be made under capacity, time, and emissions constraints, are especially well-suited for MIP
models. Granular planning is made possible by these models, which frequently include regulatory
thresholds, geographic ECA boundaries, and technical vessel specifications.

Complementing this systems-based overview, Figure 8 illustrates a matrix heatmap detailing
the frequency and specificity of modelling approaches across different application areas.

MCDA

ROA -

MIP -

Model Type

Frequency of Use

Portfolio Optimization

§ 2.0

Game Theory L=

Fuel Choice Retrofit Timing Routing Investment -1.0

Figure 8. Heatmap of decision models.

The image demonstrates that MIP is primarily utilized in operational decision-making, ROA in
investment timing and uncertainty management, and MCDA in fuel choice evaluations. Although
they are less frequently used, game theory and portfolio optimization models aid in the analysis of
competitive behaviour and compliance strategy diversification under emissions regulation. The
literature on investment planning is where portfolio optimization techniques are most commonly
found. Game theory models, on the other hand, shed light on the strategic relationships between
businesses subject to emissions regulations.

3.4. Regional Variation in Compliance Challenges (RQ4)

In addition to modelling, the literature finds enduring regional disparities in MARPOL Annex
VI implementation and adherence. A radar chart that summarizes the five main aspects of the
compliance burden in five important maritime regions is shown in Figure 9. Based on qualitative and
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quantitative indicators taken from the literature, each axis is given a score on a scale from 1 (low
challenge) to 5 (high challenge). The overall burden of compliance is lowest in the European Union.
Consistent monitoring and enforcement have been made possible by robust institutional
infrastructure, harmonized legal frameworks, and high port-state control capacity. As a result of its
developed regulatory framework, the EU scores particularly low for infrastructure and monitoring-
related issues. The US, on the other hand, shows moderate levels of challenge. Despite a strong
enforcement infrastructure, legal complexity is introduced by the coexistence of federal and state
regulations. For example, California's separate emissions regulations can occasionally make it
difficult for ships travelling between domestic and foreign waters to comply.

China
5 @

Arctic
Southeast Asia us
=@==Fnforcement =@®=Cost ==@==|nfrastructure Legal Clarity ==@==Monitoring Capacity

Figure 9. Regional variation in compliance challenges from the study.

Despite significant investments in technologies like AlS-based tracking systems and UAV
surveillance, China poses the greatest challenges for monitoring and enforcement. The uneven
distribution of regulatory powers among provinces and the swift execution of national policies,
which has at times exceeded local enforcement capabilities, are the causes of this seeming
contradiction. There are several systemic issues facing Southeast Asia, especially with regard to
monitoring infrastructure and legal clarity. Despite the region's strong interest in green shipping
initiatives, effective compliance is hampered by a lack of standardized regulations and a lack of
adequate technical infrastructure. Due to its harsh climate, lack of regulatory infrastructure, and high
operating costs, the Arctic region presents particular enforcement and financial challenges. This
region's strategic significance necessitates creative and collaborative compliance solutions,
particularly in light of trans-Arctic shipping and proposed PSSA designations. The absence of
internationally standardized enforcement procedures is a recurring theme in the literature. Other
regions, especially Southeast Asia and parts of the Global South, suffer from overlapping
jurisdictions, inconsistent enforcement, and a lack of institutional capacity, while the US and the EU
enjoy the advantages of well-funded and clearly defined enforcement systems. The practical
effectiveness of PSSAs in safeguarding delicate marine environments is limited because enforcement
mechanisms are frequently optional or symbolic. One of the main obstacles to emissions compliance
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technologies is still their high cost, particularly for small and medium-sized businesses. While LNG
conversion may account for more than 15% of a vessel's overall construction costs, scrubber retrofits
can cost anywhere from $3 to $5 million per unit. These investments pose major short-term financial
challenges, especially in areas with restricted access to maritime finance, even though they may prove
cost-effective in the long run. Because of market volatility and the need for dual-fuel management,
even fuel switching, which requires less capital, has operational costs. Route changes and speed
reductions are two examples of the logistical compromises frequently required to comply with ECA
regulations. Although methods like slow steaming are good at reducing NOy, they can interfere with
just-in-time port arrival systems and delivery schedules that are time-sensitive.

The stacked column chart in Figure 10 provides a comparative visual of compliance challenges
across the five regions.

Arctic
Southeast Asia
us I .
EU

china - | N S

0 2 4 6 8 10 12 14 16

M Regulatory M Economic Operational Technological

Figure 10. Stacked column of regional distribution of challenges from the study.

China has the most challenges mentioned overall, with economic (4 studies) and regulatory (5
studies) concerns taking centre stage. China's phased approach and top-down policy structure lead
to implementation asymmetries despite significant investments in surveillance and regulatory
rollout. While technological issues are less noticeable (2 studies), probably as a result of large state
investments in innovation, operational issues particularly those related to fuel switching and port
compliance are also noteworthy. With four studies each cited for technological, economic, and
regulatory issues, the EU exhibits a more balanced challenge profile. These results demonstrate a
robust legal system, the widespread use of alternative fuels, and intricate member-state coordination.
Because of established infrastructure and reliable enforcement methods, operational issues are less
commonly mentioned (2 studies). Economic issues predominate in the US (4 studies), which is
indicative of the financial strains brought on by strict ECA laws at the federal and state levels.
Concerns about technology (3) and operations (3) are also pertinent, especially in relation to the use
of scrubbers and LNG compatibility. Because of the clarity of MARPOL's incorporation into U.S. law
and the ability of federal agencies to enforce it, regulatory issues (3 studies) are relatively subdued.
There is a clear trend in Southeast Asia, where the most commonly mentioned barriers are operational
(4) and regulatory (4). These reflect the disparities in port readiness and the region's disjointed legal
systems. Two studies indicate that technological readiness is still in its infancy, indicating inadequate
infrastructure and nascent shifts towards cleaner maritime technologies. According to one study,
technological concerns are the least common in the Arctic, which is in line with the region's limited
emissions control infrastructure. However, jurisdictional complexity, delicate ecosystems, and a lack
of adequate monitoring tools make regulatory (5) and operational (3) issues the most pressing. There
are financial obstacles (2), especially for indigenous fleets and small operators who lack the funding
necessary for complete compliance. This comparative study shows that while highly developed
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maritime regions place a higher priority on cost effectiveness and technological advancements, other
regions deal with more fundamental issues related to infrastructure, institutional capacity, and legal
consistency.

4. Discussion

The findings of the review confirm the hypothesis that special areas such as emission control
areas and particularly sensitive sea areas play a catalytic role in propelling important operational and
technological advancements in the shipping sector. One of the clearest findings is the role of ECAs as
regulatory triggers for technological change. Consistent with recent research [11,12], the
implementation of sulphur caps in ECAs has accelerated the adoption of scrubbers, LNG propulsion,
low-sulphur fuels, and other operatlional strategies. These changes have not only resulted in
significant reductions in pollutants from vessels but also influenced long-term planning for fleet
renewal and retrofits. Due to the timeline of the literature (2004 to 2025), in the discussion on recent
state restrictions on certain technological responses due to discovered. Recent bans on open-loop
scrubber discharges in several ports and coastal states, have further constrained the use of abatement
technologies, pushing shipowners to consider cleaner fuels such as LNG, which as per the review
have been widely preferred by shipowners. However, LNG is found to present significant climate
risks due to the release of unburned methane during combustion and supply chain handling. As
methane has a long-term global warming potential over 80 times that of CO,, its use may undermine
decarbonization efforts [10]. This has spurred the IMO’s recent push toward life-cycle emissions
accounting, reflected in new regulatory developments [7], which will also affect the global responses
to the new and existing emissions regulations. As such, this has caused an about-turn by shipowners,
due to the most popular technological solutions are now deemed partially or wholly disruptive rather
than complementary to the globally environmental targets.

Beyond technological change, the review suggests that the introduction of special areas have
shaped the trajectory of maritime environmental policy. Although they have helped to global
environmental expectations with the expanding emission control zones, several studies have pointed
out these instruments have historically been reactive and regionally fragmented. Although these
frameworks expand upon the principles embedded in ECAs and PSSAs, they simultaneously raise
critical concerns about implementation feasibility. As noted in the literature [38,39], compliance
burdens are not evenly distributed. Smaller operators and ports as well as those in developing regions
face disproportionate challenges in adapting to complex requirements such as lifecycle emissions
tracking and real-time monitoring. Meanwhile, it is suggested [33,40], that even where innovation is
incentivized, operational feasibility often lags behind regulatory ambition. This disjunction is further
complicated by the increasing breadth and intensity of climate mandates, such as those in the
European Union'’s Fit-for-55 package and FuelEU Maritime Regulation (Regulation 2023/1805), which
go beyond traditional ECA/PSSA structures and incorporate well-to-wake lifecycle accounting, shore
power mandates, and GHG intensity reduction thresholds for all European ports. While these
initiatives reflect a commendable institutional shift toward net-zero by 2050, they also underscore a
widening compliance gap amongst geographic regions.

The study also highlights the increasing role of modelling and decision-support tools in shaping
compliance strategies. Literature reveals that techniques such as Mixed Integer Programming (MIP),
Real Options Analysis (ROA), and Multi-Criteria Decision Analysis (MCDA) are being used to
optimize fuel choices, investment timing, and routing. However, a key insight is the disconnect
between technical modelling and on-the-ground realities [31,32]. Regulatory compliance goes beyond
technology and is shaped by political, institutional, and behavioural dynamics. Over-reliance on
techno-economic presumptions runs the risk of reducing regulatory compliance to a problem of
rational choice, hiding the influence of market power disparities, enforcement capability, flag state
behaviour, and lobbying dynamics on actual results. This emphasizes the necessity of conducting
more interdisciplinary, contextually sensitive research to close the gap between optimization models
and real-world implementation. Furthermore, small and medium-sized operators in particular
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frequently lack the knowledge or data inputs required to use these tools efficiently. Therefore, rather
than levelling the regulatory playing field, decision-support frameworks run the risk of enhancing
already-existing asymmetries in capacity and influence. More contextualized, multidisciplinary
modelling approaches that take qualitative aspects into account are becoming more and more
necessary in this context. One approach to bridging this gap is through integrated assessment models
that incorporate agent-based simulations, participatory scenario planning, and quantitative
optimization with stakeholder engagement.
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5. Conclusions

This study has undertaken a systematic review of 76 peer-reviewed articles to assess the
evolution and impact of Emission Control Areas (ECAs) and Particularly Sensitive Sea Areas (PSSAs)
within the broader framework of maritime environmental governance. The findings strongly confirm
the central hypothesis that ECAs and PSSAs have served as catalysts for maritime environmental
advancement, driving technological adaptation, influencing regulatory innovation, and shaping
scholarly discourse. Regarding the first research question, which asks what kinds of scholarly works
have been written about ECAs and PSSAs and where the most important contributions are
concentrated. The review reveals a rich and varied body of work that is primarily coming from high-
regulation jurisdictions like China, North America, and the European Union. These studies illustrate
the multifaceted nature of shipping decarbonization challenges by spanning disciplines such as
engineering, economics, environmental science, and law. Regarding the second, question. The
response is in the affirmative, especially for ECAs. Scrubbers, LNG propulsion, low-sulfur fuels, and
digital emissions monitoring systems are just a few of the technological solutions that have been
widely adopted in response to the imposition of sulphur limits. As evidence of their long-term
systemic impact, these regulatory mechanisms have not only made immediate emissions reductions
easier but have also changed fleet renewal plans and compliance expenditures. PSSAs continue to be
crucial for drawing attention to ecological vulnerability and securing conservation-oriented
governance in international shipping, despite their less significant operational impact.

Multi-criteria decision-making models, including Mixed Integer Programming (MIP), Real
Options Analysis (ROA), and Multi-Criteria Decision Analysis (MCDA), are being used more and
more to evaluate the trade-offs associated with sustainable fuel selection and compliance strategy in
special emission zones, according to this review. These tools help policymakers and shipowners
make difficult decisions about fuel availability, potential for emissions reduction, when to invest,
route selections, and regulatory uncertainty. However, because the majority of tools are created in
academic settings and do not integrate with operational realities like institutional behaviour, port-
state enforcement, or commercial constraints, their impact is still primarily theoretical. These models
need to include behavioural economics, co-development with maritime stakeholders, and real-time
feedback in order to be more practically relevant. The study finds notable operational, economic, and
regulatory differences between global regions when it comes to compliance with MARPOL's
emission zone regulations. Developed jurisdictions, like those in North America and Europe, have
access to capital, advanced Port State Control (PSC) systems, and digital monitoring tools, which
make compliance easier to handle. On the other hand, a "patchwork" of regulatory outcomes results
from the lack of enforcement, a lack of personnel, and inadequate infrastructure in many coastal
states in the Global South, Southeast Asia, and the Arctic. Due to financial limitations, small and
medium-sized ship operators are more likely to rely on temporary compliance strategies like fuel-
switching or slow steaming because they can't afford to invest in alternative fuels or retrofit
technologies. The financial burdens introduced by global GHG pricing and fuel standards are likely
to exacerbate these disparities. A just transition fund has been proposed by the IMO, but it is still
unclear how it will be implemented and made available. These results highlight the need for
regionally tailored compliance pathways, equitable cost-sharing arrangements, and more inclusive
regulatory design.

While this study offers a comprehensive mapping of peer-reviewed literature, it is limited to
English-language publications indexed in Scopus and Web of Science, excluding grey literature and
non-English regional studies. The categorization of studies may oversimplify interdisciplinary
research, and insights into post-2025 regulation remain preliminary due to ongoing implementation.
Future studies should broaden their geographic focus, especially to include perspectives from the
Global South, and seek comparative and longitudinal evaluations of recently designated areas like
the Mediterranean ECA and the Canadian Arctic. The use and compatibility of new digital
compliance technologies, like digital twins, blockchain-based emissions tracking, and Al-driven
regulation, should also be investigated in research.
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The study amplifies that ECAs and PSSAs continue to be essential frameworks for forming an
environmentally conscious and climate-resilient future for international shipping as regulations
tighten and expectations change.
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