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(7)The climate change crisis is arguably the biggest contemporary challenge facing the global commu-
 nity, and reducing emissions is an issue of paramount importance for stakeholders in the maritime
 industry. The scope of this thesis focuses on two key pillars related to the green transition of
 international shipping, namely, clean technology adoption and environmental policies. The overar-
 ching objective of the Ph.D. thesis is to examine thoroughly the interplay between clean technology
 adoption and environmental policies to drive the green transition of the maritime industry. The
 three research papers of this dissertation concomitantly address the overarching objective from
 both policy and managerial perspectives. The first study (Chapter 2) focuses on the heteroge-
 neous impacts of technology and operational levers on environmental performance in the context
 of a mandatory environmental policy in the maritime industry. The study develops hypotheses
 concerning the impact of a key set of levers and empirically tests them with statistical methods.


The empirical analysis shows that the relationship between technology and operational levers and
 environmental performance is complex, and effects can vary across the range of environmental
 performance. The second study (Chapter 3) examines the impact of an emission trading scheme
 on the decision to invest in clean technologies in an environment with regulatory and demand
 uncertainties. The study develops a multi-stage decision model in a stochastic environment and
 derives analytical results describing the optimal investment policy over time. In addition, the an-
 alytical results highlight that an environment with increased uncertainties has a substantial effect
 on the costs of regulation and the value of actively managing the investment decision. The third
 study (Chapter 4) focuses on assessing the potential for energy efficiency improvements in ship
 designs across the different shipping sectors. Departing from the rationale for energy efficiency in
 marine policies, the study develops a general framework for comparing the energy efficiency of ship
 designs and derives best-practice benchmarks by applying nonparametric benchmarking methods.


The empirical results suggest that the situational contexts for energy efficiency improvements sig-
 nificantly vary across shipping sectors. Based on the results, the study provides policy implications
 for existing and additional policy measures to foster the green transition of the maritime industry.
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Danish Abstract


Klimakrisen er uden tvivl den største nutidige udfordring, som det globale samfund st˚ar over for,
 og reduktionen af emissioner er et spørgsm˚al af afgørende betydning for interessenter i den mar-
 itime industri. Denne afhandling fokuserer p˚a to nøglesøjler relateret til den grønne omstilling
 af international skibsfart, nemlig vedtagelse af ren teknologi samt miljøpolitik. Det overordnede
 form˚alet med ph.d.-afhandlingen skal er grundigt at undersøge samspillet mellem ren teknologi og
 vedtagelse og miljøpolitikker for at drive den maritime industris grønne omstilling. De tre forskn-
 ingsartikler i denne afhandling behandler samlet det overordnede m˚al fra b˚ade et politisk og et
 forretningsmæssigt perspektiv. Den første artikel (kapitel 2) fokuserer p˚a heterogene indvirkninger
 af teknologi og operationelle løftestænger p˚a miljøpræstationer i sammenhængen af en obligatorisk
 miljøpolitik i den maritime industri. Artiklen opstiller hypoteser om virkningen af et sæt af reg-
 uleringsmuligheder og tester dem empirisk med statistiske metoder. Den empiriske analyse viser,
 at forholdet mellem teknologi, operationelle reguleringsmuligheder og miljøpræstationer er kom-
 pleks, og virkningerne kan variere p˚a tværs af spektret af miljøpræstationer. Den anden artikel
 (kapitel 3) undersøger effekten af en emissionshandelsordning p˚a beslutningen om at investere i
 rene teknologier i et forretningsmiljø med regulerings- og efterspørgselsusikkerhed. Undersøgelsen
 udvikler en flertrinsbeslutningsmodel i en stokastisk kontekst og udleder analytiske resultater, der
 beskriver den optimale investeringspolitik over tid. Derudover viser de analytiske resultater at en
 forretningskontekst med øget usikkerhed har en væsentlig effekt p˚a omkostninger ved regulering og
 værdien af aktivt at styre investeringsbeslutningen. Den tredje artikel (kapitel 4) fokuserer p˚a at
 vurdere potentialet for energieffektiviseringsforbedringer i skibsdesign p˚a tværs af forskellige skib-
 sfartssegmenter. Med udgangspunkt i behovet for energieffektivitet i maritim regulering udvikler
 artiklen en generel ramme for sammenligning af energieffektiviteten af skibsdesign og –afledninger
 og udleder ’best practice’ benchmarks ved at anvende ikke-parametriske benchmarkingmetoder.


De empiriske resultater tyder p˚a, at de situationelle sammenhænge for energieffektiviseringer vari-
erer betydeligt p˚a tværs af shippingsektorer. Baseret p˚a resultaterne giver undersøgelsen forslag
til reguleringsmulighederne for eksisterende og yderligere politiske foranstaltninger til at fremme
den maritime industris grønne omstilling.
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(21)
Introduction to the Ph.D. project


“Mankind is on the horns of a dilemma. For, whether we like it or not, our collective
 way of life has become unsustainable and we need to do something about it - and soon.


The choices we have made about the way we lead our lives have been slowly eating away
 at the very support system that enables us to live and breathe. This cannot, and should
 not, go on. We need to make some tough decisions, we need to make them now and we
 need to act on them as one, with total and undivided commitment — today and in the
 future.”


This statement was read at World Maritime Day 2009 by the Secretary General of the International
 Maritime Organization (IMO), Mr. Efthimios E. Mitropoulos, highlighting the area of inquiry of
 this Ph.D. thesis. The overarching objective is to examine the interplay between clean technology
 adoption and environmental policies for the decarbonization of the maritime industry. The climate
 change crisis is arguably the biggest contemporary challenge facing the global community, and re-
 ducing emissions is an issue of paramount importance for stakeholders in the maritime industry.


The scope of this thesis focuses on two key pillars related to the decarbonization of international
 shipping, namely, clean technology adoption and environmental policies. While there are other
 drivers, these two pillars form an integral part of the green transition process, which is discussed
 in the following sections of the introduction.


At first, section (1.1) gives the reader an introduction to and background of the climate change
 problem and evidences the role of the maritime industry in this global phenomenon. Section (1.2)
 outlines the role of environmental policies in the decarbonization of the maritime industry. The
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(22)implementation of policy measures is a key instrument for policy makers to drive the green tran-
 sition of international shipping and to meet climate change targets. In section (1.3), the role of
 clean technology adoption for the green transition is described in the context of the thesis. The
 majority of marine emissions stems from the global fleet; thus, the adoption and development of
 cleaner technologies is one of the industry’s key levers to meet long-term emission reduction goals.


Section (1.4) outlines the overarching objective of the thesis by highlighting the interplay between
 environmental policies and clean technology adoption for decarbonizing the maritime industry. Fi-
 nally, the theoretical perspective is laid out and an overview of the three research papers is given.



1.1 Green transition of the maritime industry


Since the Industrial Revolution around 1750, technological and societal developments have fa-
 cilitated unseen levels of international trade and economic growth and thus have led to drastic
 improvements in global living standards. Based on DeLong (1998), the global gross domestic
 product (GDP) per capita grew on average by 0.01% from 1000 BC to 1750; however, since then,
 it has grown on average by 1.5% per year. To illustrate, the global GDP per capita in 2000 was
 more than 50 times higher than three millennia before. This global increase in living standards is
 accompanied by a rapid global population growth of roughly factor 10 since 1750. This economic
 and population growth did not come without consequences. Today, an ever-increasing number of
 goods is produced and transported around the globe with human-made devices, like ships, trucks,
 and airplanes, to be consumed by customers. Maritime transport plays a key role in international
 trade by transporting roughly 80% global trade volume of physical goods (UNCTAD, 2019). How-
 ever, these practices led to an unprecedented depletion of finite natural resources, including fossil
 resources or raw materials, and the pollution of such ecosystems as the ocean and the atmosphere.


Humanity’s way of living is not only currently having negative impacts on the natural environment
 in which we are all living, but it is also seriously threatening the livelihood of future generations.


The issues of endangering the natural environment being the foundation for life on earth and pro-
moting intergenerational inequalities are inextricably linked to the concepts of sustainability and
sustainable development. While these terms are often used rather vaguely and can encompass a



(23)multitude of topics, the most common definition is from the Brudtland report in 1987 defining
 sustainable development as “the development that meets the needs of the present without com-
 promising the ability of future generations to meet their own needs” (WCED, 1987). In general,
 sustainable development comprises three pillars: economy, society, and environment. One way to
 conceptualize the relationship between the three pillars is through the notion of carrying capacity,
 illustrated in Figure (1.1), representing the natural environment’s potential for the neutraliza-
 tion of human disruption (Cato, 2009). Through this lens, external environmental limits set the
 boundaries for society and the economy (Danilov-Danil’yan et al., 2009). Thus, any development
 exceeding the critical thresholds, where this potential is exhausted, cannot be considered sustain-
 able development. The most prominent ambition to put sustainable development into practice is
 the 17 Sustainable Development Goals (SDGs) adopted in 2015 as part of the United Nations’


(UN) 2030 Agenda for Sustainable Development, which set out a 15-year plan to achieve the goals
 (UN, 2015). Through the formalization of the SDGs, sustainable development and environmental
 issues in particular are now the focus of policy makers worldwide.


Figure 1.1: Relationship between the three pillars of sustainability, where the environment sets
 the boundaries for both society and economy (Source: Cato, 2009).


One of the Earth’s systems that is impacted negatively by unsustainable human activities is the
pollution of the atmosphere, which is targeted by multiple SDGs and will be referred to for simplic-
ity as air pollution in this thesis. In the maritime context, the primary pollutants are greenhouse
gases (GHGs), including carbon dioxide or methane, sulfur and nitrogen oxides (N Ox and SOx),
and other kinds of particles. While all these pollutants have direct or indirect adverse effects on



(24)human health, ecosystems, and the climate, there are structural differences in the effects between
 the pollutants. To illustrate, some of the main impacts of N Ox and SOx emissions relate to the
 acidification and eutrophication of ecosystems and fostering of respiratory diseases in coastal ar-
 eas through reducing air quality (Salo et al., 2016). These effects are in general localized around
 the areas where the pollution occurs and can be, for example, addressed by limiting the content
 of these pollutants in the fuel used onboard. One key impact of GHG emissions is warming the
 Earth’s atmosphere, leading to climate change. Hence, the adverse effects of GHG emissions are a
 global problem not limited to certain regions. Further, carbon dioxide has a half-life of 120 years,
 so emissions today have a long-lasting impact on the natural environment and the livelihood of
 future generations. Due to the unique global scale and intertemporal nature of the problem, the
 scope of the thesis is mostly concerned with air pollution related to GHG emissions, with a special
 focus on carbon, which is the main pollutant in the maritime context.


A main driver of the climate change crisis, addressed by SDG 13, which aims to“take urgent action
to combat climate change and its impacts” is the release of carbon dioxide and other GHGs through
human activities, which has disastrous consequences for the natural environment in general and
global supply chains. The so-called greenhouse effect describes the natural mechanism of warming
the Earth’s surface and in turn facilitating life on Earth. However, the release of carbon dioxide
and other GHGs increases their concentration in the atmosphere, enhancing the greenhouse effect
and leading to rising temperatures on Earth (DAWE, 2021). It is estimated that about half of the
total carbon emissions attributable to human activities in the period from 1750 to 2010 occurred
in the last 40 years. In these years, carbon emissions from fuel combustion and other industrial
activities accounted for roughly 78% of total GHG emissions globally (IPCC, 2014). The maritime
industry is no exception to this global trend. In the period from 1990 to 2019, the total CO2
emissions of international shipping increased by 97% (Crippa et al., 2020). Further, in line with
global increasing trajectories, marine emissions are projected to be 90–130% of the 2008 (baseline)
emissions in 2050 depending on economic and energy developments (Faber et al., 2020). If these
trends are not halted, it is projected that the global mean surface temperature could increase
from 3.7 to 4.8 degree Celsius compared to pre-industrial levels (IPCC, 2014). The consequences,
including, inter alia, more extreme weather events and rising sea levels, would dramatically affect



(25)marine supply chains and trade, but more importantly, it would destroy the livelihood of whole
 communities worldwide.


To address and mitigate the menacing consequences of climate change, international initiatives
 and treaties have been agreed upon by the global community to reduce the emission of GHGs into
 the atmosphere. After scientists first presented evidence of rising atmosphericCO2 concentrations
 in the ’60s and ’70s, the first major global treaty was the Kyoto Protocol adopted on December
 11, 1997 and entered into force on February 16, 2005. The main feature of this initiative is the
 commitment of 37 developed economies and the European Union (EU) to reduce and limit GHG
 emissions to individually defined binding targets over a time horizon (UNFCCC, 2021b). Another
 main international treaty is the Paris Agreement, adopted on December 12, 2015 and entered
 into force on November 4, 2016. The main goal of the agreement is to limit global warming to
 2–1.5 degrees Celsius compared to pre-industrial levels (UNFCCC, 2021a). Notably, international
 shipping (and aviation) is not explicitly included in either treaty due to the global nature of its
 activities; hence, the formulation of treaties and initiatives was passed to the IMO. The IMO is a
 specialized agency of the UN and the global regulatory authority for the safety of shipping and the
 mitigation of atmospheric pollution by ships. Its main role is the development, implementation,
 and monitoring of policies for the maritime industry that are fair and effective (IMO, 2021). The
 first convention regulating air pollution and GHG emissions was Annex VI, which entered into
 force on May 19, 2005 to the International Convention for the Prevention of Pollution from Ships
 (MARPOL). In April 2018, the IMO reached an agreement with the initial IMO GHG strategy,
 which for the first time formally stated the vision to decarbonize the maritime industry and the
 level of ambition to achieve this vision (IMO, 2018).


The vision and ambitions of the IMO and other regulatory authorities, including the EU, to
decarbonize the maritime industry are the cornerstones of the environmental policies and problem
statement of the thesis. In its strategy, the IMO states the vision to remain committed to reducing
GHG emissions from international shipping and to phase them out as soon as possible in this
century (IMO, 2018). More precisely, the policy maker’s targets indicating the level of ambition
are stated as follows:



(26)• to reduceCO2 emissions per transport work, as an average across international shipping, by
 at least 40% by 2030, pursuing efforts towards 70% by 2050, compared to 2008; and


• to peak GHG emissions from international shipping as soon possible and to reduce the total
 annual GHG emissions by at least 50% by 2050 compared to 2008, while pursuing efforts
 toward phasing them out, as called for in the vision as a point on a pathway ofCO2 emissions
 reduction consistent with the Paris Agreement temperature goals.


Further, an important objective of the IMO, indicating the direction for action and measures, is to
 incentivize the adoption and development of clean shipping technologies to reduce the carbon foot-
 print of the maritime industry. Similarly, the EU as part of the European Green Deal formulated
 the targets for shipping companies to reduce their averageCO2 emissions per transport work by at
 least 40% by 2030 for all their ships and to reduce transport GHG emissions in the EU by 90% until
 2050, including maritime transport (EU, 2020). An important element of the vision and policy
 targets is that they focus on pathways to decarbonizing the maritime industry over time, which
 is also referred to as the “green transition” in this thesis. This aligns with the aforementioned
 intertemporal and dynamic nature of the sustainable development and climate change topics and
 highlights an important element of the thesis’ problem statement. It is mandatory to investigate
 the green transition of the maritime industry through a dynamic and long-term lens, which is a
 common theme in the research papers to follow.



1.2 Environmental policies for the green transition


In general, the term environmental policy encompasses any measure by a regulatory authority re-
garding the effects of human activities on the environment and, in particular, measures designed to
prevent the harmful impact of human activities on ecosystems (Van Bueren, 2019). In this thesis,
of special relevance are environmental policies concerned with the harmful impact of air pollution
through the emission of carbon dioxide into the atmosphere. There are multiple basic strategies a
regulatory authority, which seeks to regulate directly, can utilize to design specific policy measures
(see Baldwin et al. (2011) chapter 7 for an overview). In the maritime context, the most relevant
strategies are command and control (C & C) regulations and economic incentive-based regulations,



(27)which will be referred to as market-based measures (MBMs).


The essence of C & C regulations is the exercise of influence by imposing mandatory standards
 backed by legal sanctions (Baldwin et al., 2011, p. 106). The standards can be design-based,
 imposing the usage of a specific technology, or performance-based standards, prescribing an ac-
 ceptable level of pollution a regulated unit can emit. The determination of a unit’s compliance
 usually entails some form of certification process to control whether the regulatory requirements
 are met. A virtue of this policy strategy is that the regulatory authority can directly impose stan-
 dards through the force of law and can prohibit any activity not compliant with the set standards.


Further, the simplicity of the strategy is appealing, as it entails a binary pass–fail criterion based
 on the standards. However, this strategy has the serious downside that it is in practice nearly
 impossible for the policy maker to set the appropriate performance standard. First, acquiring
 relevant data for standard setting is normally expensive and difficult for the regulatory authority,
 and even if possible, standard setting is a political process subject to external influence (Baldwin
 et al., 2011, p. 310). Second, setting uniform standards across industries or sectors leads to
 an inefficient regime, as some units will find it extremely hard to comply, while others have no
 incentive to exceed the standard despite being easily able to (Sunstein, 1990).


In contrast, MBMs are designed to harness market powers through prices to reach environmental
 policy targets. In the context of this thesis, two market-based regulatory strategies are of spe-
 cial interest: carbon taxes, operationalized through a levy on bunker fuels, and emission trading
 schemes (ETS), also referred to as cap-and-trade schemes. One key difference between these two
 strategies is the process of pricing harmful emissions. A carbon tax sets a price on carbon emis-
 sions, and polluters are a charged a fixed amount for every unit of emissions they output. Because
 taxing emitted carbon emissions directly is often impractical, carbon taxes are often implemented
 through a tax on every unit of bunker fuel a polluter purchases. On the other hand, an ETS fixes
 the amount of allowable carbon emissions in a defined period (i.e., a year) by issuing allowances.


After the initial allocation of the allowances, they can be traded on a secondary market, where
the price is determined through supply and demand. In theory, under perfect information, both
strategies have the same effects and represent a cost-minimizing way of reaching a desired level of



(28)pollution under certain conditions (Baumol & Oates, 1988). However, in practice, the effectiveness
 of the two policies is dependent on specific design choices and the situational context in which they
 are implemented.


A rigorous comparison between the two market-based strategies is outside the scope of this thesis,
 and only some selected considerations are highlighted here. Two drawbacks of an ETS are the
 price uncertainty of allowances and the higher degree of administrative burden. Because the sup-
 ply of allowances is fixed in an ETS, small demand changes can lead to huge price changes on the
 secondary market (EC, 2020). The price volatility makes revenues highly uncertain over time and,
 thus, can lead to a“wait and see”managerial approach with suboptimal emission reduction efforts
 (Ben-David et al., 2000). Further, targeting a large number of vessels and their emissions might
 be associated with high administrative costs to enforce the cap and transaction costs for making
 permits transferable between units (Lagouvardou et al., 2020; OECD, 2002; Stavins, 1995). On the
 other hand, two important drawbacks of a carbon tax are the emission reduction uncertainty and
 informational demands for regulatory authorities. By design, a carbon tax offers price certainty,
 but it is next to impossible for a policy maker to ex ante predict how much a given tax level will
 reduce the overall emissions. Hence, a carbon tax is not directly aligned to defined reduction goals
 as an emissions cap. In essence, setting the optimal tax to reach desired emission levels requires
 the policy maker to estimate the social costs of pollution, which often are unknowable in their
 entirety (Baumol, 1972). While it might be possible to adjust tax levels when observed reductions
 are deemed unacceptable, such trial and error is unfeasible in such contexts as the climate change
 problem, where the consequences can be catastrophic (Baldwin et al., 2011, p. 113).


The initial GHG strategy lists various candidate policy measures to foster the green transition
of the maritime industry. These measures can be categorized into short-, mid-, and long-term
measures dependent on the timeline for their adoption. At the moment, only measures in the
short-term category are in place. In this category, of special interest are the measures seeking
to improve and extend further the current energy efficiency framework, which comprises the En-
ergy Efficiency Design Index (EEDI) and the Ship Energy Efficiency Management Plan (SEEMP),



(29)which entered into force in 2013. The EEDI is a mandatory C & C regulation prescribing mini-
 mum energy efficiency standards for newly built vessels from a technical perspective. In contrast,
 the SEEMP focuses on measuring the operational energy efficiency on board vessels and aims at
 providing guidance on the best practices for fuel-efficient ship operations. In November 2020, two
 additional C & C measures were approved by the IMO’s Marine Environment Protection Commit-
 tee (MEPC): the Energy Efficiency Existing Ship Index (EEXI), which can be seen as the EEDI
 counterpart for existing vessels, and the Carbon Intensity Indicator (CII), building on the SEEMP
 to prescribe minimum operational performance standards. Mid-term measures most notably com-
 prise the outlined MBMs, and discussions at the IMO about their adoption already started in 2010.


At MEPC 60, 11 proposals were presented, which can be roughly categorized as MBMs based on
 a levy on bunker fuels, an ETS, or hybrids between them and the EEDI (see Psaraftis (2012)
 for a thorough discussion of the proposals). However, discussions about potential MBMs for the
 maritime industry were suspended in 2013, and, despite strong scientific and practical evidence for
 their effectiveness, the adoption of an MBM by the IMO is currently highly uncertain.


In contrast, the EU is taking policy action to ensure the marine sector contributes to the EU’s
 climate change goals. As a first step, the EU Monitoring, Reporting, and Verification (MRV)
 system entered into force in 2018. The EU-MRV regulation requires all vessels above 5,000 gross
 tonnage (GT) calling a port in the European Economic Area (EEA) to monitor and report their
 voyage-related CO2 emissions (EU, 2015). The main purpose of the regulation is not to lower
 emissions directly, but to provide the foundation to track marine emissions for the EU-ETS, the
 key policy measure in the EU. The EU-ETS has been in place since 2005, and it covers the man-
 ufacturing industry and power sector, as well as airlines operating in the EEA. In July 2021, the
 EU announced it would extend the EU-ETS to the maritime industry from 2023 and include it
 alongside the other sectors (EC, 2021). To put this into perspective, the EU is estimating that the
 inclusion of marine transport will govern roughly 90 million tons ofCO2, only approximately 8.5%


of the total 1,056 million tons of marineCO2 emissions in 2018 (Faber et al., 2020). Apart from
the limited impact, previous studies have identified multiple shortcomings of the regional scope to
tackle this global phenomenon like carbon leakage and distortions in competitiveness (Miola et al.,
2011; Wang et al., 2015). However, the EU-ETS is currently the only market-based policy measure



(30)in sight for the industry, and it could potentially rekindle urgently needed discussions about the
 implementation of an MBM at the IMO level.


The scientific community generated multiple insights about the effectiveness of existing and poten-
 tial policy measures for decarbonizing the maritime industry. In summary, previous studies have
 mostly questioned the effectiveness of the EEDI to reduce marine carbon emissions significantly.


Two main reasons for this observation are the projected increase in marine transportation activities
 and the policy design. In a study by DNV GL, global maritime transport is forecasted to increase
 by 39% until 2050; thus, the authors conclude that current policy measures are insufficient to
 reach the IMO’s GHG targets (DNV, 2018). Further, Smith et al. (2016) forecasted an increasing
 trajectory of maritimeCO2 emissions until 2050 and that the EEDI will only lead to a 3% emission
 reduction compared to a non-EEDI scenario. Another reason for these findings is the aforemen-
 tioned difficulty for policy makers to ex ante define appropriate performance standards. Multiple
 studies have shown for different ship types that compliance with the minimum energy efficiency
 standard can be easily achieved (Anˇci´c et al., 2018; Attah & Bucknall, 2015; Vladimir et al., 2018).


This has led the IMO to tighten the standards further for certain ship types in hindsight (MEPC,
 2020). However, such fixes do not address the root cause of the problem. Hence, revising existing
 policy measures and implementing additional MBMs are likely required for the green transition of
 the maritime industry to become a reality.


Previous research has investigated the effectiveness of an ETS to foster the green transition of the
maritime industry. In these studies, a special focus lies on evaluating the role of the policy mea-
sure’s design and scope to achieve desirable outcomes. To illustrate, an ETS can be designed as a
global maritime ETS (METS) or as a regional ETS integrating the maritime sector alongside other
sectors, as in the EU-ETS. In a case study involving ship operators, K¨osler et al. (2015) concluded
that a global METS considering the specific characteristics of the industry has the potential to
reduce marine CO2 emissions without high administrative costs for shipping companies. Further,
according to Zhu et al. (2018), a METS can incentivize ship owners to adopt clean technologies
and invest in renewing their fleet instead of retrofitting their existing fleet. A similar conclusion
was reached by Gu et al. (2019), stating that a global METS can even in the short term lead to



(31)emission reductions and incentivize investments in clean technologies in the long run. It is notable
 that the aforementioned studies highlight the feasibility of a global and maritime ETS solution for
 global shipping. However, to foster technology adoption, it is crucial that the allowance price is
 not too low due to an oversupply of licenses, a fact observed in previous ETS schemes (Psaraftis &


Lagouvardou, 2019). The design of a global METS is crucial for its success and must be tailored to
 the specific context of the maritime industry. It is currently not well understood how the system
 can incorporate the defined policy targets and how uncertainty in design choices impacts incentives
 under an METS.



1.3 Clean technology adoption for the green transition


Before outlining the role of clean technology adoption, it is worth defining the term technology
 in the context of this thesis. In general, technology can be broadly described as the practical
 application of scientific knowledge. In the thesis, the focus lies on applications in systems, like
 human-made technical devices and machinery in the maritime environment. These technologies
 enable maritime transportation services and are one of the cornerstones of international trade.


However, these devices also have negative impacts on the natural environment by producing pol-
 lution as a byproduct and depleting natural resources. The term clean technologies then describes
 technologies that mitigate these negative impacts on the natural environment. While this definition
 of technology relates to an engineering perspective, the adoption of clean technologies is inherently
 linked to economic, environmental, and social considerations. Therefore, by investigating clean
 technology adoption, the thesis moves beyond a strictly technical perspective and investigates this
 driver for decarbonization in the specific context of the maritime industry.


A main factor of maritime carbon emissions is the combustion of fossil fuels in vessels to provide
propulsion for transportation services. The most common engine type utilized in vessels as the
prime mover is diesel due to its manifold advantages. One particular advantage is its relative
insensitivity to the quality of fuel; thus, low-quality and inexpensive fuels, like heavy fuel oil
or marine diesel oil, are the main fuels in the maritime industry. Due to their low quality, the
combustion of these fuels leads to substantial air pollution with all the aforementioned negative side



(32)effects. Therefore, a vessel’s total carbon emissions depends not only on theamountof fuel, but also
 on thetype of fuel consumed on board. Figure (1.2) displays the relation between a vessel’s total
 emissions and measures of energy efficiency in the maritime industry, which are broadly defined
 as total carbon emissions per unit of service (measured in transport work1). Therefore, reducing
 carbon emissions per unit of transport work is one of the top priorities in decarbonizing marine
 transport. Note that this is also often refereed to as“carbon intensity” in the maritime industry.


However, for simplicity and to avoid confusion for the reader, I mostly refer to the expression in
 Figure (1.2) as a measure of energy efficiency throughout the thesis. There is a distinction between
 technical and operational energy efficiency measures; while technical energy efficiency relates to
 the design of a vessel and its technical specifications, operational energy efficiency indicates the
 observed efficiency during a ship’s operations. Due to the definition of technology, the scope of
 this thesis is mostly concerned with technical energy efficiency and related topics.


Figure 1.2: Relationship between clean technologies and measures of energy efficiency


There are two main levers to reduce the total carbon emissions of a vessel by adopting clean tech-
 nologies. The first lever relates to technologies improving the fuel efficiency of the vessel from a
 design perspective. These solutions aim to reduce the required propulsive power at the desired
 speed to reduce the fuel consumption of a given fuel, in turn reducing carbon emissions. They
 include reducing hull resistance, improving engine efficiency, optimizing weight and capacity, and
 auxiliary propulsion devices using renewable energy like solar or wind (see Brynolf et al. (2016)
 for an overview). While most of these design measures are discussed for newly built vessels, it is


1Transport work is usually defined in the maritime context as the total amount of cargo times the distance sailed
and is a quantitative measure of the amount of transportation service provided by a vessel.



(33)mandatory to also implement solutions for existing vessels through retrofitting. Because modern
 vessels have a life span of up to 30 years, the existing fleet will impact the natural environment
 for a considerable time. The other lever relates to switching to a fuel with a lower environmen-
 tal impact than traditional fuels, given the fuel consumption. The generic term alternative fuels
 describes this group of fuels. Alternative fuels include, but are not limited to, liquefied natural
 gas (LNG), biofuels (e.g., biodiesel and vegetable oils), alcohol-based fuels (e.g, methanol and
 ethanol), hydrogen, and ammonia. The amount ofCO2 emissions when burning a fuel depends on
 the carbon content of the fuel. Hence, switching to a fuel with a lower carbon content has a direct
 positive impact on a vessel’s carbon emissions. The magnitude of the positive effect varies between
 alternative fuels. To illustrate, LNG can approximately reduceCO2 emissions by 25% compared to
 traditional fuels, while providing the same propulsive power (Pavlenko et al., 2020). Hydrogen has
 the potential to be a zero-emission fuel, as water vapor is the only emission if used with fuel cells
 (Brynolf et al., 2016). There is also a significant difference in the maturity of different alternative
 fuel technologies. While LNG is already used in commercial applications, the widespread use of
 hydrogen in the maritime industry is still a distant vision.


The adoption of clean technologies related to vessel design is mainly driven by economic con-
siderations. Fuel costs account for up to 60% of a vessel’s operating costs; thus, reducing fuel
consumption is of high importance from a business perspective (Royal Academy of Engineering,
2013). Solutions for reducing fuel consumption have a direct cost-reducing effect for shipping firms,
which in turn also reduces carbon emissions. The costs for a shipping company associated with
reducing emissions are called abatement costs. The related concept of a marginal abatement cost
curve (MACC), which indicates the costs of abating an additional unit of emissions, has guided
previous discussions about the adoption of fuel savings technologies in the maritime industry. In
a nutshell, a MACC ranks technologies according to their associated abatement costs and depicts
their emission reduction potential compared to the status quo. Previous studies have estimated
a MACC for shipping to quantify the potential of different clean technologies and the associated
costs. In these studies, a key finding is that there are design measures with a positive net-present
value (i.e., negative marginal abatement costs), meaning that the fuel savings outweigh their costs
and several more with only moderate costs (Buhaug et al., 2009; Eide et al., 2011). Recently, Faber



(34)et al. (2020) concluded that design measures have a CO2 emission reduction potential of nearly
 30% until 2050 (assuming there are no implementation barriers) at marginal costs ranging from
 negative to 18 USD/ton-CO2. Therefore, at least in theory, improving energy efficiency through
 adopting fuel saving technologies has the potential to be a significant contributor to decarbonizing
 the industry and to be feasible from a business perspective.


Despite their key role in the green transition, there are several challenges in the adoption of al-
 ternative fuel technologies. Moving beyond fuel saving technologies, the widespread adoption of
 alternative fuels is needed to yield large reductions in emissions and to meet long-term policy
 targets (Anderson & Bows, 2012; Faber et al., 2020). One of the key aspects guiding the choice of
 fuel is economic costs. Here, one potential barrier is the higher fuel costs of most alternative fuels
 when compared to traditional fuels. Further, investment and installment costs of alternative fuel
 technologies vary significantly currently due to differences in the maturity of these technologies
 (Brynolf et al., 2016). The economic aspect of costs is inextricably linked to structural considera-
 tions. For any alternative fuel to be adopted on a large scale, the fuel production must be scaled to
 meet the demand of the industry and a wide-spread bunkering infrastructure must be developed.


Further, some alternative fuels require non-traditional storage on board a vessel and special safety
 requirements due to their toxicity (DMA, 2012; Van Hoecke et al., 2021). From a social perspec-
 tive, it is mandatory to assess the whole life-cycle of a fuel and its related impacts on the natural
 environment and society. To illustrate, while hydrogen has the potential to be a zero-carbon fuel,
 the production process of hydrogen crucially impacts its life-cycle carbon footprint. Further, al-
 ternative fuels based on feedstock (i.e., biofuels) pose the risk of increasing prices of agricultural
 commodities if production is expanded on a large scale, with unforeseeable consequences for fight-
 ing global hunger (Naylor et al., 2007). Because of this complex set of considerations and the risk
 among marine stakeholders of committing to the wrong fuel technology, it is currently uncertain
 what the marine fuel driving the green transition will be.


In summary, improving energy efficiency through clean technology adoption has a large emission
reduction potential, but observed adoption rates are insufficient for a green transition in the in-
dustry. Especially, the low implementation of apparently cost-effective technology solutions seems



(35)puzzling and is often referred to as the energy efficiency gap. Previous research has investigated the
 energy efficiency gap in the maritime industry. These studies have identified market failures and
 insufficient incentives as potential drivers of this phenomenon. Studies have argued that the lack of
 information about real fuel savings after implementing these measures leads to low market premi-
 ums for energy efficient vessels, thus yielding little economic incentive to adopt clean technologies
 (Adland et al., 2017). Another reason is the split incentives problem in contractual agreements
 between parties in charter markets, where the ship owner determines the vessel’s energy efficiency
 and the charterer incurs the costs of this decision (Agnolucci et al., 2014; Rehmatulla & Smith,
 2020). In a survey of ship owners and operators, Rehmatulla et al. (2017) reported that only
 some selected measures are implemented on a sufficient scale and the measures with the highest
 implementation rates tend to be those with only small energy efficiency gains for vessels. They
 conclude that incentives provided by current regulation and market conditions are insufficient to
 foster the adequate adoption of clean technology. The thesis concentrates on the regulation path-
 way for stimulating clean technology adoption. The relationship between environmental policies
 and technology take-up is a common theme in the research papers and is elaborated in the next
 section stating the objectives and main research question of the thesis.



1.4 Objectives of the Ph.D. project


The green transition of the maritime industry is a complex societal challenge that must be addressed
across scientific disciplines and with multiple levers. The complexity stems from the fact that
global carbon emissions today have far-reaching consequences on the natural environment for a
long period; thus, decarbonization is an inherently dynamic and global phenomenon. Currently, no
single lever to foster the green transition appears sufficient on its own; thus, multiple approaches
must likely be combined to reach the vision of decarbonized shipping. The two main research areas
examined in the Ph.D. project are environmental policies and clean technology adoption, whose
roles in the green transition process have been outlined in sections (1.2) and (1.3). Due to their
high relevancy for current discussions and their interdisciplinary nature, a thorough investigation
of these two key levers is warranted. Based on these reflections, the general structure of the Ph.D.



(36)thesis is summarized in Figure (1.3).


Figure 1.3: General structure of the Ph.D. project


The overarching objective of the Ph.D. thesis is to examine thoroughly the interplay between
 clean technology adoption and environmental policies to drive the green transition of the indus-
 try. Further, the thesis seeks to provide practical implications for stakeholders concerned with
 the transformation of marine transport. While both clean technology adoption and environmental
 policies are key levers on their own to decarbonize shipping, they are inextricably linked to each
 other, which makes their interplay a fruitful area of inquiry. The relationship between these two
 levers goes in both directions; a main cause for the adoption of clean technologies is regulatory
 pressure to comply with environmental policies. Similarly, environmental policies seek to foster
 the adoption of clean technologies to reach the policy targets. Therefore, the research papers of
 the Ph.D. project will investigate both pathways, in line with the thesis objective. The aim of
 the three papers is to explore specific aspects of the interplay between environmental policies and
 clean technology adoption in the context of the green transition of the maritime industry.


The overarching objective cannot be adequately addressed from a single stakeholder’s viewpoint;


thus, the research papers examine the interplay of clean technology adoption and environmental
policies from a policy and managerial perspective. There are arguably many important stake-
holders to drive the green transition of the maritime industry, and exploring all their perspectives



(37)would be impracticable. The thesis focuses on ship owners and policy makers as two key stake-
 holders due to their close relation to the two main research areas. To illustrate this point, ship
 owners are targeted and must comply with environmental policy measures in the maritime in-
 dustry, including the EEDI, EEXI, and CII, as they are the owners of the vessels. Therefore,
 examining the economic incentives to adopt clean technologies under a market-based METS and
 investigating the efficacy of operational and technology levers to comply with the mandatory EEDI
 regulation from the ship owner’s perspective are two topics investigated in the research papers.


On the other hand, policy makers are the ones designing specific policy measures with the goal
 of fostering the continuous adoption of clean technologies and of reaching their set emission re-
 duction targets. One research paper takes the policy maker’s perspective by providing guidance
 on the current potential for energy efficiency improvements and presenting an alternative view to
 regulate energy efficiency. Before turning to an overview of the three research papers, the next
 section outlines the theoretical perspective, which has guided the research design and methodology.


1.4.1 Theoretical perspective


This section outlines the theoretical perspective of the Ph.D. thesis, which has guided the develop-
 ment of research designs and choice of methods. Instead of resorting to commonly used umbrella
 terms likepositivism orconstructivism to describe the philosophical stance adopted in the thesis,
 I will outline the general underlying ontology and epistemology separately for two reasons. First,
 the terminology in the philosophy of science literature is inconsistent on what assumptions these
 terms entail about the way of viewing the world, which might lead to confusion for the reader if
 their notion differs from mine. Second, I believe by laying out the philosophical basis of the thesis
 in this way, it is easier for the reader to assess the nature of my claims and findings. Because it is
 my aspiration that the thesis is also accessible to people who have not been in close contact with
 the philosophy of science, I will outline these topics in a rather general way, not highlighting all
 nuances and philosophical discussions about them.


The first element is the ontology, concerned with the nature of the reality about which humans
can acquire knowledge. I adopt a realist stance in the thesis, meaning there is a single reality, and



(38)objects in the real world exist independently of human perception. However, I do not advocate
 a naive form of realism, claiming that our perceptions of the real world are unambiguously true
 and reality can be understood with certainty. This has important implications for the faith we
 can put in scientific knowledge and the claims made in the thesis. Because we may be unable to
 observe reality as it really is directly, the output of scientific research activities is not statements
 about universal truths, which are accurate and certain, but rather qualified assertions, which are
 tentative (Crotty, 1998).


After having positioned the ontology of the thesis, I describe the epistemology with regard to
 the nature of knowledge, including how it can be produced. The epistemological standpoint is
 that there is some sort of meaning within the considered objects, independent of the individual
 perception. Hence, there is a certain degree of distinction between scientific knowledge and sub-
 jective knowledge, such as opinions, feelings, and beliefs acquired in non-scientific ways. From
 this standpoint, the ideal image of scientific knowledge can be described as value-neutral and
 verifiable (Crotty, 1998). The general modus operandi in the thesis is a scientific abstraction in-
 volving formalization and quantification from the lived reality of our everyday experiences. This
 abstraction also entails a separation of the objects from the subject (i.e., the researcher) in the
 research process. However, this view does not degenerate into an overly simplistic epistemologi-
 cal notion of objectivism. I agree with Bird (1998) that there is no such thing as the scientific
 method, and that there are many knowledge-producing methods in science. The development of
 these methods is often itself a product of science, and science informs us that these methods are
 reliable means of knowledge production (Bird, 1998, p.175). As the reader will see, this thesis em-
 ploys a variety of methods depending on the research questions of interest and the context at hand.


Further, I acknowledge that despite the ideals of a value-neutral science, the scientific outputs in
this thesis are not (and cannot be) completely objective (Stanovich, 1999). The research process
requires the researcher to make a series of informed choices and assumptions that contribute to
knowledge creation. This involves the judgement and critical reflection of the researcher. I strive
to make the research processes as transparent as possible to justify my choices and to enable a
meaningful evaluation of their appropriateness. Further, the assessment of results used to justify



(39)knowledge claims often requires the idiosyncratic cognition of the researcher (Mantere & Ketokivi,
 2013). This becomes apparent when the claims extend beyond empirical generalizations of the
 results. Here, I offer one possible interpretation based on reasoning and invite the reader to assess
 whether they find my resulting assertions plausible or even convincing.


Lastly, I want to discuss what kind of knowledge the thesis seeks to produce. The research ques-
 tions in the thesis are in general of a descriptive and explanatory nature and address contemporary
 open questions related to the green transition of the maritime industry. Due to the specific context,
 the thesis puts a certain emphasis on pragmatic knowledge, which is relevant for stakeholders in
 the industry, and it seeks to support the efforts to foster the green transition of the industry. This
 leads to the question of how scientific research can be established as relevant and gain credibility
 in the view of practitioners. I agree with Van de Ven and Johnson (2006) that this is likely not a
 mere problem of translating and diffusing knowledge but rather a problem of knowledge produc-
 tion. Under this view, establishing relevance is not an ex post activity but must be embedded in
 the process of knowledge production (Ketokivi & Choi, 2014). This requires the research design to
 be contextually situated and the examined problem to be grounded in a concrete and real-world
 phenomenon.



1.5 Ph.D. project overview


In this section, an overview of the three research papers forming the core of the Ph.D. project is
given and, their contribution to the main objective is briefly outlined. The full versions of the
three papers can be found in chapters 2, 3, and 4, respectively. In the end, chapter 5 concludes
the thesis by discussing the main findings, policy implications, and theoretical contributions of
the Ph.D. project and pointing to potential avenues for further scientific research. Further, based
on these insights, the conclusion highlights some key challenges for the green transition of the
maritime industry, which must be addressed by stakeholders in the industry to realize the vision
of decarbonized marine transport.



(40)Table 1.1: Overview of research papers


Title Authors Content


Heterogeneous effects of technology and
 operational levers on environmental
 performance: Evidence from maritime
 regulation


Franz Buchmann,
 Leonardo Santiago,
 and Vasileios Kosmas


This empirical study examines the
 impact of technology & operational
 levers on vessels’ energy efficiency and
 compliance with the EEDI regulation,
 with a focus on the heterogeneity of
 estimated effects.


The impact of an emission trading
 scheme on a ship owner’s investment
 decisions


Franz Buchmann and
 Leonardo Santiago


This analytical study describes a ship
 owner’s clean technology investments
 over time under a maritime ETS and
 investigates the impact of an environ-
 ment with increased uncertainties on
 this investment decision.


Benchmarking energy efficiency of ship
 designs: Implications for maritime
 policies


Franz Buchmann Empirical study for benchmarking
 the energy efficiency of ship designs to
 assess the scope for energy efficiency
 improvements and technological
 conditions in the different shipping
 sectors of the maritime industry.


Table (1.1) lists the three research papers, which each contribute to the overarching objective of
the Ph.D. project. However, due to the article-based format of the thesis, the three research papers
can also be read as standalone scientific articles outside the scope of this thesis. The following
subsections 1.5.1, 1.5.2, and 1.5.3 seek to provide the reader a concise overview of the respective pa-
pers by outlining the research questions, methodologies, main results, and contributions. Further,
based on Figure (1.3), the relation of the articles to the main objective is presented by highlighting
the examined pathways and adopted perspectives.



(41)1.5.1 Overview of first study


Relation to Ph.D. main objective: The first study focuses on ship owners having to comply
 with the mandatory EEDI regulation, which prescribes minimum performance standards for newly
 built vessels. For ship owners seeking to improve the environmental performance of their vessels,
 technology and operational drivers are key levers they can utilize to reach this goal. Therefore, the
 focal point of the first study is the complex relationship between technology and operational levers
 and environmental performance in the context of the EEDI regulation. Figure (1.4) illustrates the
 relation of the first study to the overarching objective of the Ph.D. thesis.


Figure 1.4: Relation of first study to the main objective


Purpose and research questions: From a bounded rationality perspective, ship owners seek


“good enough” solutions in the context of the regulation and do not utilize all levers that could
improve a vessel’s environmental performance. Therefore, many different ship design solutions
yield similar levels of environmental performance, and the levers can explain observed differences
in performance. In line with the empirical setting, we examine two facets of vessels’ environmen-
tal performance, namely, their technical energy efficiency and regulatory compliance. We seek to
examine the impact of available technology and operational levers by asking:
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