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A B S T R A C T

Ship-source greenhouse gas (GHG) emissions could increase by up to 250% by 2050 from their 2012 levels, ow-
ing to increasing global freight volumes. Binding international legal agreements to regulate GHGs, however, are
lacking as technical solutions remain expensive, and crucial industrial support is absent. In 2003, the Interna-
tional Maritime Organization adopted Resolution A.963 (23) to regulate shipping CO2 emissions via technical,
operational, and market-based routes. However, progress has been slow and uncertain; there is no concrete emis-
sion reduction target or definitive action plan. Yet, a full-fledged roadmap may not even emerge until 2023. In
this policy analysis, we revisit the progress of technical, operational, and market-based routes and the associated
controversies. We argue that 1) a performance-based index, though good-intentioned, has loopholes affecting
meaningful CO2 emission reductions driven by technical advancements; 2) using slow steaming to cut energy
consumption stands out among all operational solutions thanks to its immediate and obvious results, but with the
already slow speed in practice, this single source has limited emission reduction potential; 3) without a technol-
ogy-savvy shipping industry, a market-based approach is essentially needed to address the environmental impact.
To give shipping a 50:50 chance for contributing fairly and proportionately to keep global warming below 2 °C,
deep emission reductions should occur soon.

1. Introduction

Ocean shipping, the most energy-efficient form of freight transport,
is the backbone of global trade, but this sector heavily depends on fossil
fuel. The lengthy debate on whether ship-source greenhouse gas (GHG)
emissions are classified as marine pollution has delayed the interna-
tional regulation and subsequent implementation to limit the carbon
emissions from the shipping sector (Shi, 2016a).

Ship-source GHG emissions could increase by up to 250% by 2050
from 2012 levels, owing to increasing global freight volumes (Fig.
1). Unchecked, such emission levels are pro

jected to constitute 17% of the global CO2 emissions by 2050 from the
current figure of approximately 2% (Cames et al., 2015). Yet, at the
Paris Climate Agreement of 2015, the shipping industry was neither in-
cluded in the global emissions reduction targets nor mentioned in the
agreement (United Nations Framework Convention on Climate Change,
2015). Discussions regarding shipping emissions were simply left, like in
the Kyoto agreement, to the International Maritime Organization (IMO),
who is expected to develop regulations, set emission reduction targets,
and determine measures to facilitate their practical implementation.

To satisfy the lofty goal of the Paris Agreement to limit global
warming below 1.5 °C–2 °C, all sectors may be ulti

⁎ Corresponding author at: College of Transport and Communications, Shanghai Maritime University, Shanghai 201306, China.
Email address: mrwan@ucdavis.edu (Z. Wan)

https://doi.org/10.1016/j.marpolbul.2017.11.064
Received 9 September 2017; Received in revised form 25 November 2017; Accepted 27 November 2017
Available online xxx
0025-326/ © 2017.



UN
CO

RR
EC

TE
D

PR
OOF

Z. Wan et al. Marine Pollution Bulletin xxx (2017) xxx-xxx

Fig. 1. CO2 emissions in the shipping sectorIllustration based on Buhaug et al. (2009), Smith et al. (2014), Anderson and Bows (2012), Lloyd's list of intelligence data, and OECD analysis.
If shipping aims at delivering its fair and proportionate contribution at 50:50 chance to keep global warming well below 2 °C, a deep emission reduction up to 85% by 2050 compared
with the 2010 baseline is needed. Existing technology and operational solutions are not enough.

mately required to produce zero emissions or develop tools to remove
GHGs from the atmosphere (Williamson, 2016). Regarding shipping
emissions, large shipping nations and the shipping industry are slow and
sometimes reluctant to introduce appropriate measures aimed at reduc-
ing emissions and improve global rules for the industry (Upton, 2016).

The IMO placed the climate impact of shipping in the agenda in
2003. On December 5 of the same year, the IMO adopted Resolution
A.963 (23) requiring the Marine Environment Protection Committee
(MPEC) to regulate shipping CO2 emissions through technical, opera-
tional, and market-based routes (IMO, 2004). However, stakeholder val-
ues are diverse, leading to slow negotiations and no concrete emission
reduction pathways or definitive action plan. A full-fledged roadmap
may not even emerge until 2023 (Green4sea, 2016). Many widely dis-
cussed market tools, such as the cap and trade approach, implemented
in other sectors are unlikely to be implemented in the shipping business
soon because they are linked to a fuel data collection system that will
start only in 2019 (Dufour, 2016).

In this policy analysis, we revisit the progress of technical, opera-
tional, and market-based instruments and their associated controversies.
Based on existing evidence, we argue the following.

1) Many technical solutions remain too expensive, and crucial indus-
trial support is absent. A performance-based index,

though good-intentioned, has loopholes leading to concerns on the
meaningful effect on CO2 emission reductions.

2) Using slow steaming to cut energy consumption is apparent among
other operational solutions due to its immediate and obvious results,
but with the already slow speed in practice, further emission reduc-
tion potential from this single source may be limited. On the other
hand, ships could still adopt faster speed when the market and eco-
nomic circumstances improve. A potential impact will be exerted on
fuel use and associated emissions correspondingly. Other types of
operational solutions must be incorporated into shipping companies'
energy management strategies for extra reduction potential.

3) Without a technology-savvy shipping industry, a market-based ap-
proach is essentially needed to address the environmental impact.
The core of the maritime emissions trading system (ETS) system
lies in the “carbon emissions ceiling” and “trading process.” How-
ever, the method of using benchmarking plus grandfathering rights
adopted by the European Union (EU) aviation industry cannot sim-
ply be applied to the more complex international shipping industry.

4) If shipping has a 50% probability of delivering its fair and propor-
tionate contribution to keep global warming well below 2 °C, a deep
emission reduction should take place soon. Constructive regional ac-
tions must be recognized as they can be both responsive and cost ef-
fective.
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2. Technical and operational solutions

2.1. Technical solutions

Technical solutions aim at using technical means to improve a ship's
energy efficiency, thereby reducing the CO2 impact per capacity mile
(expressed in ton-mile) (IMO, 2012). The IMO has introduced the
mandatory Energy Efficiency Design Index (EEDI) for newly built ships
with the hope that such a measure will stimulate a series of technol-
ogy and engineering innovations ranging from optimized hulls and pro-
pellers and improved engine performance to better waste heat recov-
ery systems (MEPC, 2011). Most newly built ships only need to become
0%–10% (the actual number depends on the vessel type and size) more
energy efficient between 2015 and 2020, but the index will be tightened
incrementally every five years.

A performance-based index, though good-intentioned, has loopholes
that led to concerns on the meaningful effect on the CO2 emission re-
ductions driven by technical advancing. In theory, the use of derated
engines with less power can yield significant EEDI reductions at the ex-
pense of speed without extra technology improvements (Psaraftis and
Kontovas, 2013). An empirical study found that regulations on EEDI
would even result in slight increases in CO2 emissions in large crude car-
riers because by limiting the installed power on board, vessels would
be induced to operate on higher revolutions-per-minute engines that
consume more fuel though the EEDI limit is met (Devanney, 2011).
In practice, EEDI only reflects the efficiency of ship design but totally
neglects the operational variations that determine the real energy effi-
ciency (Cichowicz et al., 2015).

Moreover, increasing competition has led to ever increasingly larger
ships with better fuel economy, which translates into a smaller EEDI
(Ozaki et al., 2010), but uncertain demand could complicate the real
performance—ships could consume more energy per goods transported
if half loaded than fully loaded (Wan et al., 2016a). Increasingly larger
ships can yield other unexpected side impacts from concentrated pol-
lution at hub ports, such as Hong Kong and Shanghai, to under-regu-
lated ship scrapping of smaller vessels in developing countries, such as
Bangladesh and Pakistan. This may lead to public health disasters and
biodiversity crises owing to the heavily polluting ship-breaking process.

An array of technical solutions to serve as alternative power have
emerged, including fuel cells, waste heat recovery, solar or wind power,
and shore-to-ship power (see Fig. 2 for detailed information and com-
ments); however, they struggle to steer the shipping industry toward a
low‑carbon direction because they require not only engineering break-
throughs in an economically feasible way but also rapid and transfor-
mative adoption by an industry that is always slow to react. As shown
in Fig. 3, many technical solutions carry a hefty price tag—the aver-
age CO2 reduction cost ranges between 50 USD/ton and 200 USD/ton
(Eide et al., 2011), which is far more expensive than the emission-trad-
ing price of $5–$15 per ton in the United States.

Technical solutions also include capital-intensive options to power
vessels with cleaner fuels or even nonfossil fuels, but so far the responses
are polarized. A theoretically sound technology to reduce CO2 may be
difficult to engineer and economically unfeasible in real-world settings.
For example, converting a vessel to be propelled by liquefied natural
gas (LNG) can significantly reduce airborne pollutants and GHG emis-
sions, but this requires millions of U.S. dollars in investment, sacrificing

precious on-board storage space (Verbeek et al., 2011). Such converted
ships also rely on a supporting LNG-charging infrastructure network
that barely exists today.

2.2. Operational solutions

Operational solutions are usually implemented under the Ship En-
ergy Efficiency Management Plan (SEEMP) targeting vessels greater
than 400 GT for international voyage. Operational solutions are typi-
cally linked to the shipping companies' energy management strategies,
including slow steaming, optimized ship trim, enhanced network rout-
ing, hull cleaning, and engine maintenance. In general, these measures
require low operating costs and do not involve hefty initial investment
but can achieve promising energy savings.

An extensive review shows that slow steaming is the most significant
reduction strategy among all major optimization initiatives (Armstrong,
2013). Fuel consumption is directly linked with engine power impacted
by operational speed. A medium-sized containership that reduces speed
by 30% could use 55% less fuel (Cariou, 2011). Thanks to the wide-
spread adoption of slow steaming in response to industrial overcapac-
ity after the financial crisis, CO2 emissions from international shipping
fell by around 10% during 2007–2012 (Smith et al., 2014). However,
slower speed will inevitably increase transit time and other operating
costs (e.g., on-board labor costs) and reduce on-time performance pos-
sibly interrupting logistics reliability. Given that many oceangoing ves-
sels already operate at the speed of 15–18 knots, further fuel savings
and emission reduction potential from slow steaming alone may be lim-
ited (Woo and Moon, 2014). Even incorporating slow steaming into fu-
ture forecasts, only two scenarios out of sixteen have CO2 emissions de-
clining to nearly 2012 levels by 2050, with the rest continuing to grow
(Bows-Larkin et al., 2015). Another concern is that when the transport
market reverts to booming, shipping companies tend to revert to faster
steaming speeds to improve vessel utilization, posing a doubt whether
this option can last long.

Other operational solutions have received less industrial attention
because they often require a skilled crew to respond quickly to a rapidly
changing, and often sophisticated, environment rather than a conven-
tional “follow the protocol” approach on board. For example, optimizing
the trim of the ship can lead to 0.5% and 2.3% fuel savings (Coraddu et
al., 2018); however, this has to be done using complicated data analysis
techniques. Not done properly, it will endanger navigational safety.

3. Market-based solutions

3.1. The surging of market-based solutions

Indeed, if it works as planned, the combination of EEDI and SEEMP
can substantially reduce business-as-usual CO2 emissions; however, in-
creasing trade volume on a global scale would still bring total emis-
sions in 2050 at twice the 2007 level (Bazari and Longva, 2011). If ship-
ping aims at delivering its fair and proportionate contribution at a 50:50
chance to keep global warming well below 2 °C, a deep emission re-
duction up to 85% by 2050 compared with the 2010 baseline is needed
(Anderson and Bows, 2012). We believe that technical and operational
measures alone will not suffice.

Increasing calls for market-based measures have been emerging (Shi,
2016b). The IMO received several proposals
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Fig. 2. Potential CO2 reduction potential from an array of technical and operational solutionsExtracted data (Bouman et al., 2017) from 60 quantitative studies on the CO2 emissions
reduction potential based on the array of technical and operational solutions listed in the figure. Owing to data scarcity, it is unlikely to make a meaningful meta-analysis to reveal
statistical inference. The solid bar denotes the whole range of potential CO2 reduction, but the widest range (i.e., the highest and lowest reported reduction potential) in each solution
suggests poor agreement in the literature on the reduction potential. Such a high degree of uncertainty is due to 1) some studies being limited to a certain type of vessel, meaning that the
conclusions cannot be applied to the entire industry and 2) some studies being based on different model assumptions. Applying all these types of technical and operational solutions could
yield a high CO2 reduction potential of 78% or a much lower CO2 reduction potential of 29%. Such a high degree of performance uncertainty combined with costly investments lead to
lethargic industry action.

from its member states (mostly advanced industrialized nations) on pos-
sible emission-trading systems to tackle CO2. Representative proposals
include MEPC/60/4/22 by Norway, MEPC/60/4/26 by the United King-
dom, MEPC/60/4/41 by France, and MEPC 60/4/54 by Germany (their
features will be mentioned later). At the MEPC 63rd session, measures
to reduce GHG emissions by market mechanisms have received wide-
spread attention and were discussed; however, opinions differed widely
between developed and developing countries, with the latter worrying
about the unknown economic impact and the ripple effect on the ex-
port sector. Some member states emphasized that “the necessary finan-
cial, technological and capacity-building support for developing coun-
tries by developed countries,” “the principles of common but differen-
tiated responsibilities” must be incorporated into a future resolution
(MPEC, 2012).

In subsequent MEPC sessions, the IMO members finally agreed to
apply a “three-step approach.” (Report of the Marine Environment
Protection Committee on Its Sixty-Eighth Session, 2015) This approach
comprises 1) collection of global data for

the fuel consumption of ships, 2) data analysis, and 3) decision mak-
ing on possible resources. The shipping industry expects that it will take
many years before the first collected global data will be analyzed. Mea-
sures such as carbon pricing will take a long time before implementation
owing to the three-step approach agreement, e.g., no decision making
can take place before data collection and analysis.

The MEPC agreed to propose an initial GHG reduction roadmap cov-
ering the 2017–2023 period, and a sketchy mitigation strategy is ex-
pected to be announced in 2018 (Green4sea, 2016). However, as men-
tioned earlier, many widely discussed market tools that have been im-
plemented in other sectors are unlikely to be applied to the shipping
business soon because they are linked to an IMO-led fuel data collec-
tion system that will start only in 2019. Industry analysts believe that a
full-fledged plan may only emerge in 2023 with actual implementation
schedules many years later (Merk, 2017). Having said that, it could take
another six years, with a list with recommended options, and manda-
tory requirements could take another ten years to come into effect.

4
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Fig. 3. Average marginal CO2 reduction cost per optionFigure adapted from the study by Eide et al. (2011). Cost-effective solutions are mainly operational ones, such as slow steaming and
weather routing. In contrast, many technical solutions carry a hefty price tag that offers no incentive to the industry to invest—the average CO2 reduction cost is 50–200 USD/ton, which
is far more expensive than the emission-trading price of $5–15/ton in the United States. Carbon trading is favored by many economists and industry because it will lower the compliance
cost while meeting the emission reduction target.

3.2. EU's pioneering response

As early as 2004, the EU Commission Decision 2004/156 was
adopted and guidelines for monitoring and reporting CO2 emissions
were established during the first phase of the implementation of the Eu-
ropean Union Emission Trading Scheme—the world's first and largest
international carbon emission-trading market (Ellerman and Buchner,
2007). However, the shipping industry was not included in these guide-
lines because the shipping community believes that the IMO is the rec-
ognized international entity to act. Frustrated at the slow progress in
achieving international commitment, the EU was determined to act on
its own first. In 2015, the EU adopted the MRV system for the shipping
industry; it stipulated that all vessels over 5000 gross tonnage calling EU
ports should monitor, report, and verify the CO2 emissions from 2018
on per voyage basis (Verifavia-shipping, 2015).

In a recent update, the EU's environment committee issued a state-
ment on December 16, 2016, vowing to bring shipping into the EU–ETS
system from 2023 unless the IMO has adopted a comparable scheme by
2021. European parliament adopted the proposal with a few rhetoric
modifications (Spurrier, 2017). Ships that may call at the EU ports are
now officially counting down to embrace market instruments aiming to
curb the intensive emission growth.

Constructive regional actions such as EU's MRV system, a prereq-
uisite for including shipping into the current carbon emissions trading
market, play a vital and catalytic role in promoting global policy ac-
tion. In fact, the EU's strategy echoes many proposals (e.g., Norway,
the United Kingdom, France, and Germany) submitted to the IMO. They
share the following highlights.

(1) Under the total amount control strategy, set a carbon emissions ceil-
ing for a period of time.

(2) “Ships” are objects subject to regulation. Ship operators, flag states,
and port states should jointly validate or supervise the real energy
performance of ships.

(3) During the initial implementation phase, relevant parties in the car-
bon emission-trading market can freely gain or purchase quotas
in the primary market corresponding to their bunker consumption
share. They can then trade the quota in the secondary market or ac-
cess emission allowances from other sectors to offset carbon emis-
sions. Ships must ensure that their possessed emission quotas can
cover the actual emissions during the period; otherwise, they will
incur a penalty.

(4) The auction of these emission allowances shall be organized by a
recognized national or international entity.

(5) The revenues generated by the initial auction of the emission al-
lowances are used for climate change funds to support mitigation
and adaption efforts.

3.3. Maritime ETS system

In our view, the core of the maritime ETS system lies in the “carbon
emissions ceiling” and “trading process.” Setting a reduction target is vi-
tal to the success of the scheme. We argue that the uncertainty of emis-
sion allowances trading under a floating limit is less than that under the
fixed one (see Appendix for proof). Setting a reasonable floating limit
on carbon emissions can encompass the uncertainties in the future mar-
itime trade volumes, thereby reducing the impact from dramatic emis-
sion quota price volatility.
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Notably, building consensus over the allocation method of the ship-
ping carbon emissions is challenging. The method of using benchmark-
ing plus grandfathering rights (González, 2006). adopted by the EU avia-
tion industry cannot be applied to the more complex international ship-
ping industry. Cargo ships have a high degree of customization; various
types and sizes could yield a combination of hundreds of emission lev-
els per unit good transported. If a benchmarking method similar to that
used in aviation is adopted, the emission levels of each shipping com-
pany will then simply be decided by multiplying a fixed emission per-
formance indicator, freight turnover, and length of voyage (see https://
ec.europa.eu/clima/policies/ets/allowances/aviation_en for detailed ex-
planations). This is problematic. According to the IMO's third GHG re-
search report (Smith et al., 2014), dry bulk carriers emit 8.4 g carbon
dioxide per km ton, whereas refrigerated ships emit 80.4 g per km ton,
a difference of almost 10 times. Developing the quota system without
distinguishing the ship types and sizes is definitely unfair.

Grandfathering means that shipping companies with high histori-
cal emissions will have more free or discounted quotas for present use,
which is contrary to the common but differentiated principle. Such a
quota system would reward companies whose prior emissions were high
and made reverse incentives to enterprises that took pioneering action
to reduce emissions. In addition, unlike land assets, ships are mobile
around the world, which will affect the applicable area of quotas. For
example, Region A integrates the shipping industry into its local ETS.
A ship carried out transport activities in Region A, and its route was
changed into Region B without ETS. Then, according to the histori-
cal emissions method, this particular ship can still receive free or dis-
counted carbon quotas from Region A in the next trading cycle, which
could affect the carbon emission-trading market of Region A.

Some currently notable carbon trading markets include the EU's ETS,
the California and Quebec shared carbon market, and China's pilot ETS
(Xiong et al., 2017). Other nations have stated that they are planning
or considering carbon pricing under their own jurisdiction but none in-
cludes shipping. The environmental committee of the European Parlia-
ment has proposed to include shipping in the EU's ETS that would apply
to all ships calling at the EU ports irrespective of origin. However, other
nations following the EU's proposal would induce economical compli-
cations as well as political resistance because all ports within different
jurisdictions can demand carbon tax even for a single voyage. Such a
proposal is doomed to be unwelcome, as evidenced by the widespread
boycott of the EU's aviation carbon tax scheme (Liang and Zhang, 2014).
We believe that integrating the fragmented carbon trading systems, at
least for some global business operating with great mobility (in our case,
the shipping industry), should be carefully evaluated to close the loop-
holes and minimize business complications.

4. Policy implications

4.1. Limitations of technical solutions

EEDI has pros and cons and is a flawed proxy to be relied upon
to regulate emissions reduction. The focus should be on real-world op-
eration performance rather than this theoretical number for charac-
terizing ship design. Decreasing the EEDI number does not automat-
ically translate into equally lower energy consumption in real-world
operations. In certain circum

stances, the pursuit of lower EEDI number will sacrifice navigational
safety under extreme weather and sea conditions due to the derated en-
gine power.

Technological advances have long been hailed as promising solu-
tions to fight climate change but do not count on them to transform the
shipping emissions in the near future. The early adoption phase in the
shipping industry can be very expensive and requires significant pre-
mium from early adopters with unguaranteed investment returns. The
cost would eventually relay to shippers, and consequently, clients will
shift to other low-cost carriers. Subsidies or tax rebates from govern-
ments could help, but they can create allocative inefficiencies during
the process and impose huge financial burden on governments (Chen et
al., 2017). Some technological advancements could alter the ship design
and reconfigure the ship-building process, but duplicating lab results in
massive ship-building projects will require excessive patience and risk
taking that most ship builders would not want to exercise rapidly; they
would rather adopt a “wait-and-see” approach until a technology path-
way is confirmed.

In many cases, economic sustainability is achieved at the cost of en-
vironmental sustainability. For example, economic gains lead to envi-
ronmental damage and societal effects at city and regional levels. Ship
demolition markets are a good example that shows the difficulty in bal-
ancing economic benefits (such as employment, incomes, and taxation)
and environmental and societal effects (such as pollution, contamina-
tion of water resources, and health risks). New vessels are built, and the
old ones are taken apart in areas that are ecologically vulnerable (Choi
et al., 2016). Therefore, regulatory actions should be designed appropri-
ately on the basis of full benefit and cost analyses to understand the best
policy strategy. It is necessary to balance the interests and ensure that
mitigation strategies adopted by the shipping industry are sustainable,
not at the expense of other, particularly less-developed, economies.

4.2. Expansion of operational solutions

Using slow steaming to cut energy consumption stands out among
all operational solutions due to its immediate and obvious results; how-
ever, with the already slow speed in practice, further emission reduction
potential from this single source is limited. Other types of operational
solutions should not be neglected as they can provide opportunities for
extra reduction at a low cost.

Operational solutions such as ship trimming require sophisticated
data-based optimization. Casual relationships between each type of op-
eration and subsequent energy performance need to be carefully evalu-
ated using real-time data analytics. While sensor technologies generate
vast quantities of information, they are usually difficult for researchers
outside the company to access for fear that commercial confidentiality is
compromised. It is possible to develop a protocol for pooling and utiliz-
ing vessel performance data with the research community without com-
promising business secrets. Doing so would open up more fuel saving
potentials with additional analysis that can yield important operational
insights (Poulsen and Johnson, 2016). A good practice in this respect is
the US-based smart manufacturing leadership coalition and Germany's
platform industries 4.0 initiative for researchers to overcome barriers
to discovery and access and use factory-level data to make manufactur-
ing processes more energy efficient, profitable, and sustainable (Kusiak,
2017).
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4.3. Introduction of maritime carbon trading

Without a technology-savvy shipping industry, a market-based ap-
proach is essentially needed to address the environmental impact. Some
regional carbon trading markets are functioning well and are evolving
to meet targets (Keohane and Morehouse, 2017). Including shipping in
the scheme is necessary.

Carbon trading is favored by many economists and industries be-
cause it lowers the compliance cost while meeting the emission reduc-
tion targets. Much can be learned from decarbonizing the automobile in-
dustry in California, with an array of policy and market tools to address
climate change. Based on the Air Resources Board cost and benefits
analysis (California Air Resources Board, 2015), $83.4 million rebates
for “clean vehicles” (such as electric vehicles) resulted in 2.2 million
tons of carbon reduction for a cost per ton over $37 (three times more
costly than the carbon trading). Investment in a hybrid and zero-emis-
sion truck and bus program is even worse, with a cost per ton of $139
(11 times most costly than the carbon trade). Emission reductions un-
der technology advancement in the transport sector alone are costing
3–11 times more than those under carbon trading, yet electric vehicles
are only able to capture approximately 2% of the market share in Cal-
ifornia—the largest “clean vehicles” sales market in the United States.
Carbon trading has been applauded as the best approach to achieving
cost-effective CO2 reductions (Stavins and Schatzki, 2014). Adding a
high carbon tax (15USD/ton) for the shipping industry will only raise
the commodity price by less than 1% (MEPC, 2010) —unlikely impact
the global trade given that all other transportation modes are subjected
to additional regulations.

4.4. Regional actions and global cooperation

Historically, there is a big gap between pledges and actions in the
shipping community regarding environmental regulations (Tan, 2005).
The endeavor to tackle a single maritime pollution could take dozens of
years from initial discussion to action because the agenda of the IMO
conventions is largely impacted by the regions where the ships are regis-
tered—typically with lax environmental and financial regulations (Wan
et al., 2016b) (Fig. 4).

Rather than solely relying on universal or majority consensus
(top-down approach) to regulate seaborne pollution, the IMO should
recognize and encourage constructive regional actions (patchwork ap-
proach) to address GHG mitigation issues. Regional actions should not
be equated to illegitimate unilateralism; rather, they can play a vital
catalytic role in promoting global policy action (Shaffer and Bodansky,
2012). Appropriately designed and administered regional actions—for
example, the EU and California's climate policy for transportation—can
be both responsive and cost effective and of potentially great value to
the world by more directly engaging various stakeholders and raising
environmental awareness (Sperling and Eggert, 2014). Patchwork ap-
proaches can sometimes be superior because they advance the regions
beyond the current status quo of policy inaction. More importantly, they
may allow the rest of the world to explore the dynamic process of policy
action and industrial reaction; therefore, future large-scale policy diffu-
sion could be more data-driven and evidence-based.

Fig. 4. Top 15 ship-owning countries and their flag configurationData from the UNCTAD
(2016) review of maritime transport. The 2016 UN statistics suggested that the top 15
ship-owning countries register the majority of their capacity under foreign flag, which
often lack incentive to embrace environmental conventions. It could take a number of
years for complex negotiations among nations to develop a new convention, and it will
have taken many more years for the convention to enter into force.

The need for global cooperation to tackle shipping emissions is dif-
ficult because of the diversity in institutional framework and arrange-
ments for environmental and marine pollution that involve many differ-
ent agendas, strategies, ambitions, and goals (industry, states, nonstates,
and global and regional organizations) (Roe, 2012). In this respect, im-
proving multilateral cooperation and technical assistance among coun-
tries is crucial. This is because many developing countries lack the (eco-
nomic and organizational) resources and technical capacity to fully par-
ticipate in international conventions and implement the obligations and
regulations effectively.

5. Conclusions

Global antimarine pollution efforts led by the IMO emerged in the
1970s, and some vessel-source pollutants have been gradually regu-
lated since the 1980s. Binding international legal agreements to regu-
late GHGs, however, are evolving slowly, as technical solutions remain
expensive, and crucial industrial support is absent.

Though being the most energy-efficient form of freight transport,
the shipping industry is not immune from the global efforts to decar-
bonize economic growth. A pathway goal for the shipping industry is
prominently needed to ensure projected reductions. A laissez-faire ap-
proach or slow mitigation efforts will have long-lasting transbound-
ary effects. Overcoming the barriers of mitigation currently in place
throughout the shipping industry should be of high priority. Current
and possible future mitigation strategies commendably include trans-
disciplinary solutions covering technical, operational, and market
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aspects; however, widespread application requires them to be evi-
dence-based and economically viable. Their success also hinges on the
continuous assessment and refinement in real-world applications. Syn-
ergies, led by the top maritime commander, the IMO, must speed up
cooperation in the global shipping community, linking scientists, engi-
neers, businesses, and policymakers to honor the centuries-old industry
in the “spirit of Paris.”
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Appendix A.

The cointegration analysis by Xu et al. (2014) suggests that the
world's maritime freight turnovers are positively linked to the global
shipping CO2 emissions. Specifically, when the world's maritime trans-
action volume changes by 1%, the international shipping carbon emis-
sions will correspondingly change by 0.85%. Inspired by Jotzo and
Pezzey (2007), it can be proven that a floating limit on the total amount
of CO2 emissions has fewer uncertainties compared with a fixed quota
system. Setting a reasonable floating limit on the total amount of CO2
emissions considers the uncertainties in future maritime trade volumes,
thereby reducing the uncertainty of carbon trading and making the tar-
get reflect actual conditions better. Consequently, the supply of carbon
quotas can be adjusted according to their demands, and carbon prices
can be stabilized.

First, assume that when there is no restrictive policy to control the
CO2 emissions, the fluctuations in maritime trade correspond to fluctua-
tions in carbon emissions

(1)

where is the observed value of CO2 emissions when there is no re-
strictive policy; EC is the expected value of CO2 emission when there is
no restrictive policy, and εYis the prediction error of maritime freight
turnover.

Assume that εY represents random error and obeys the normal distri-
bution. The above terms are independent of each other and we get

(2)

(3)

The upper emissions limit is set based on the amount of carbon emis-
sions generated when no restrictive policy is implemented, specifically
shown in the following function:

(4)

(5)

where is the observed upper limit of floating CO2 emissions;
X is the expected upper limit of floating CO2 emissions;

μ is the ratio of the upper limit of carbon emissions under the busi-
ness-as-usual situations (i.e., without restrictive policy). The stricter the
policy, the smaller is μ and the less are the total allowable emissions
(0 ≤ μ ≤ 1). β is the floating degree of the upper limit of CO2 emissions
(0 ≤ β ≤ 1).

The correlation between the upper limit of CO2 emissions and freight
turnover depends on β, particularly when β = 0,the upper limit of CO2
emissions, is fixed and has nothing to do with the freight turnover, so
that

(6)

where X0 is the fixed upper limit of CO2 emissions.
Based on Eqs. (1) and (4), the difference between the total amount

of CO2 emissions and its limit is obtained—the emissions reduction is

(7)

(8)

where denotes the difference between the observed and expected val-
ues of the emissions reduction considering all the uncertainties under
the floating CO2 emissions quota.

The variance of is

(9)

Similarly, according to Eqs. (6)–(8), the variance of under a fixed
CO2 emissions reduction quota is

(10)

and because βμ ≥ 0, so

(11)

From Eqs. (9)–(11), the following relation is obtained:

(12)
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