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Introduction 
The shipping industry is critical to the movement of essential goods to economies around 
the world and plays an essential role in facilitating global trade. It is also the main driver 
of global economic growth (Brancaccio, 2017). With the expansion of the sector and the 
transportation of more goods, cargoes, and passengers, there is a need to increase 
financial investment. However, this presents a significant challenge in achieving 
development while maintaining environmental sustainability. Although conventional 
marine activities and operations are essential for economic growth, they have a 
significant impact on pollution, environmental disturbances, and greenhouse gas (GHG) 
emissions. To address these issues and reduce their ecological footprint, industrial 
players should gradually emphasize the use of greener technologies and practices. 
Strategies that have been implemented include using environmentally friendly fuels, 
increasing energy efficiency, and enforcing stricter controls on greenhouse gas emissions. 
These developments have made significant progress in reducing the ecological 
consequences of maritime operations in the Baltic Sea and North Sea regions. An important 
regulatory step in this area is the establishment of Sulphur Emission Control Areas 
(SECA). Currently, the most widely used approaches to address this issue include  
low-sulphur fuel oil (LSFO), high-sulphur fuel oil (HFO) with scrubbers, and liquefied 
natural gas (LNG) (Wang et al., 2023; Olaniyi & Prause, 2020; Krantz et al., 2023). 

To address the stringent sulphur emission guidelines, scientists and industry 
professionals have explored various new and innovative solutions (Wang et al., 2023) 
derived from both academic research and practical applications. Some distinct examples 
include studies by Fan et al. (2023) and Arias et al. (2023). These studies detailed 
experimental technologies or modified processes aimed at reducing sulphur emissions 
from marine vessels. The methods range from advanced scrubber systems that remove 
sulphur from exhaust gases to new fuel formulations that inherently contain less sulphur. 
Many of them are costly and make decisions in affected organizations very tedious and 
fraught with financial risks. 

According to BSR findings after 2015 (i.e., Rotoli et al., 2020; Prause & Olaniyi, 2019), 
the drop in fuel prices has lessened the economic impact of SECA regulations, prompting 
many shipowners to delay their investment decisions. While postponing the adoption of 
emission reduction technologies may have lowered the cost of SECA compliance,  
it did not however improve shipowners’ competitive standing. Therefore, new policy 
instruments are required to promote innovation, enhance competitiveness, and meet 
the environmental regulations. Although managing fuel price fluctuations and offering 
more affordable maritime logistics services would have been simpler, maritime 
stakeholders must develop smart strategies to secure long-term sustainable advantages 
(Hassellöv, 2023). Due to the complex and capital-intensive nature of maritime projects, 
specialized pre-investment analysis and risk assessments are obligatory for safeguarding 
the success of these initiatives while also learning innovative ways to comply with such 
laws in the face of possible additional regulatory laws to ensure a reduction in compliance 
costs (Prause et al., 2023). 

Yet, despite the clear economic implications of environmental regulations such as 
SECA and the 2020 Global Sulphur Cap, there is a notable lack of quantitative academic 
research focusing on maritime finance and economics, particularly in addressing these 
stringent regulations. In 2021, Bai et al. performed an extensive examination of more 
than 3,000 articles published in the last twenty years, with a primary emphasis on maritime 
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transport. Their research shows significant focus of most studies on port management, 
container operations, and liner shipping management, with relatively limited investigations 
into the more recent regulatory influences. 

The author of this thesis, like many other researchers believes that the study of 
maritime economic and financial affairs is inherently interdisciplinary. Conducting such 
research requires the collection of extensive information on finance, maritime industry 
practices, environmental factors, and emerging technologies, followed by a comprehensive 
analysis of associated risks (Mızrak, 2024). By understanding these risks, investors can 
implement strategies to mitigate potential downsides and enhance the likelihood of a 
successful investment decision (Jeffers et al., 2024). However, conventional quantitative 
research methods popular in business management are insufficient to address the 
complexities of the risks associated with the maritime industry (Prause et al., 2023). 
Most financial assessments of investment decisions lack the depth in responding to 
changing conditions such as fuel price fluctuations or regulatory compliance associated 
with the shipping industry, which invariably increases the risk rate of large investments 
(Savchuk, 2023). Many do not take into consideration these factors and many others that 
influence the shipping and bunker fuel industries, both directly and indirectly, in their 
evaluations. Thus, a significant gap in traditional methodologies that can tackle investment 
risk is evident within the industry. This represents the first gap (Research Gap 1) identified 
in the context of this research. 

A further comprehensive review of the current financial literature reveals a 
predominant focus on mostly capital markets, primarily addressing investment strategies 
and associated risks related to intangible assets such as intellectual property valuation, 
market valuation, and brand valuation, etc. (Meira, 2023; Salamah, 2023). Many of these 
analyses rely heavily on secondary information about financial markets. This represents 
a significant gap when considering other critical aspects and strategic factors related to 
investing in physical assets, particularly managerial flexibility in the context of abatement 
technologies for maritime regulatory compliance. This might arguably be largely because 
regulatory instruments for green shipping and sustainability can be considered relatively 
new and still in their growth phase (Dzwigol, 2023). However, in their work, Cao et al. 
(2024) argue that topics such as capital budgeting and investment appraisal, which are 
crucial for evaluating investments and the procurement of assets like ships, trucks, and 
aircraft, have received less attention in literature regardless of the timeline. Moreover, 
most of the investment evaluations usually assume an immediate project start and 
continuous operation when there are predictable cash flows until the end of the 
investment lifetime, which does not allow for a flexible evaluation approach (Zhang & 
Yin, 2023). This lapse highlights the second gap (Research Gap 2) identified by the author. 
By using abatement technologies, this work will attempt to explore effective and 
strategic evaluations of investment in capital projects in the maritime sector using key 
investment factors. 

Also concerning is the fact that the volume of publications focusing on maritime 
economics in the context of green shipping and sustainable transportation has been 
strikingly limited. Despite the growing global urgency to address environmental 
challenges within the maritime sector, academic and industry, research has not kept 
pace, leaving significant gaps in knowledge and innovation. Many studies in the shipping 
industry focus mostly on discussions that revolve around freight rates, engineering 
components, and maritime economics (Alexandridis et al., 2018). There is still a notable 
gap in the literature regarding the economic impact of greening efforts on the sector. 
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Discussing the “challenges of green innovation,” Nordhaus (2024) inferred that this lack 
of comprehensive, forward-looking studies on the economic implications of greener 
shipping hinders the development of effective strategies to meet environmental goals 
while maintaining economic viability in the industry. 

Critical to this study is risk management, which is very important to the current shipping 
industry, where managers must balance the financial risks associated with environmental 
regulation compliance and operating different types of ships or routes against potential 
returns. For example, they must figure out how investing in abatement technologies 
(like scrubbers), which involve upfront costs, can result in long-term savings and regulatory 
compliance benefits. 

So far, shipping companies face both external risks (e.g., fuel price volatility, regulatory 
changes) and internal risks (e.g., maintenance and crew management), and the investment 
decisions that include selecting these influencing factors remain complex and challenging 
when determining the most effective emission reduction solution (like abatement 
technology) for green and sustainable shipping (Meng & Shaikh, 2023). Reasoning within 
the context of this study, and from an economic standpoint, while conventional solutions 
have been frequently explored, the introduction of the Global Sulphur Cap 2020 presents 
a significant economic challenge for fleets worldwide. It has become important to 
identify the most effective strategy optimization models for the best mix of investments 
that offer the highest returns for the least risk (Zhou et al., 2023). 

To effectively tackle risks associated with both external and internal factors, it is 
essential to use a risk assessment methodology similar to those employed in managing 
portfolios in financial markets. However, the existing research highlights a notable 
deficiency in the application of these financial theories to investments in marine fleets. 
Thus, the third gap (Research Gap 3) identified in this study centers on the lack of 
comprehensive frameworks for optimal investment management to address the 
systematic risks (global fleet and external) and unsystematic risks (specific to individual 
ships) to mitigate the risk associated with maritime environmental regulations such as 
the SECA and Global Sulphur Cap 2020. This critical area remains largely underexplored, 
leaving a significant void in the literature on how to navigate these regulatory challenges 
effectively. 

Hence, taking a step beyond the evaluation of investment in capital projects in 
maritime, this study further addresses the management and diversification of risk across 
interconnected vessels while concurrently enabling the construction and optimization of 
a strategic investment portfolio tailored to the dynamic nature of SECA and Global 
Sulphur Cap 2020. 

Accordingly, central to this thesis is the objective of clarifying the financial implications, 
associated risks, and strategic considerations that maritime companies must successfully 
navigate within the scope of environmental regulations, such as the Sulphur Cap. In doing 
so, this research addresses a significant gap in both academic discourse and practical 
application within the fields of Business Administration and Management. 

Considering the vital role of the shipping industry in global trade, accounting for more 
than 80% of global trade (Wang et al., 2021), this PhD research, which explores how strict 
environmental regulations, such as the Sulphur Emission Control Areas (SECA) influence 
strategic decision-making processes within the marine sector – particularly in financial 
terms – is both important and timely. This research focuses on understanding the extent 
to which environmental regulations affect how maritime businesses plan, adapt, and 
make long-term decisions to comply with these standards while maintaining operational 
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efficiency and profitability. This focus is crucial, as it drives maritime companies to align 
their operations with environmental requirements without compromising their economic 
sustainability, underscoring the importance of comprehensive strategic planning in 
response to environmental regulations. This emphasis places the research at the forefront 
of the debate on sustainable maritime business practices. 

The objective has led to the development of novel mathematical models and the 
application of diverse statistical and probability-based financial instruments to advance 
scientific progress through substantial investment innovations. These innovations address 
regulatory investments in abatement technologies for compliance. The study further fills 
the three identified gaps by integrating real-life scenarios into the analysis, thereby 
enhancing the relevance and practicality of the research in tackling current challenges in 
the shipping industry.  

In alignment with the study’s objective and the three identified gaps, the author 
explores pivotal research questions concerning the financial optimization and impact of 
SECA compliance strategies and their integration into broader business strategies to 
enhance performance. Consequently, this thesis aims to address the following research 
questions (RQ1–3): 

RQ1: What key factors can effectively reduce the risk of maritime investments, and how 
to apply them effectively? 

RQ2: How can investment in marine abatement technology be more effectively 
evaluated using key influencing factors? 

RQ3: How can the risks of abatement investments in maritime fleets be most effectively 
managed in light of SECA regulations? 

These critical questions relates to the risks and evaluation of maritime investments, 
particularly in the context of sustainable shipping and emission control. 

The first research question (RQ1) focuses on how the risks of maritime investments 
can be reduced and the key factors influencing this process. This RQ is addressed using 
an approach to risk management inspired by the conventional method of Value at Risk 
(VaR). As Alexandridis et al. (2009) pointed out, the use of the Value at Risk (VaR) method 
will increase investor confidence and enhanced risk management practices in the 
financial industry. Articles III and IV (Olaniyi et al., 2018, and Atari & Prause, 2018) 
address this question. Atari & Prause (2018) explore the risk assessment of emission 
abatement technologies, offering a framework for managing these risks in maritime 
operations. Meanwhile, Olaniyi et al. (2018) develop a maritime energy-contracting 
model, an investment tool designed to minimize investment and operational costs, as 
well as risks, during the implementation of abatement technologies and the adoption of 
new ships with cleaner fuels. Both studies concentrate on how to make better investment 
decisions, how and where these changes occur and the potential consequences of these 
actions to offer new insights for the maritime industry. The results integrate a novel 
business model and feedback from maritime stakeholders to optimize investments and 
risks, supporting sustainable, clean shipping. 

The second research question (RQ2) investigates how investments in marine 
abatement technology can be more effectively evaluated, based on critical factors 
such as asset type, costing and financing, maintenance and operating costs, depreciation, 
and other economic conditions. The author adopts an advanced Real Option Theory 
model (ROT), a refined version of traditional option theory, to precisely analyze investment 
demands in the marine sector. This approach is informed by an extensive review of 
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relevant literature and detailed consultations with experts from both the maritime and 
financial industries. Additionally, the author used the ROT method to adeptly integrate 
traditional financial evaluation methods like the net present value (NPV), return on 
equity, internal rate of return (IRR), and payback time calculations. This integration 
facilitates a more comprehensive evaluation of project expenditures, providing managerial 
flexibility. This topic is covered in Article II (Atari et al., 2019), which applies a real options 
analysis to abatement investments for Sulphur emission control compliance. While 
conventional financial instruments like bonds, stocks, futures, derivatives, and options 
are widely used in the financial industry for risk assessment, management, and investment 
evaluation, this work blends classical models with investments in capital-intensive physical 
assets, developing new models to better address investment evaluation in this context. 

By focusing on operational problem management and optimizing green initiatives, while 
considering both controllable and uncontrollable variables in the maritime sector, the third 
research question (RQ3) explores how to effectively manage the risks associated with 
abatement investments in maritime fleets, particularly under SECA regulations. This thesis 
addresses this RQ by adapting the Portfolio Theory and diversification (1968, 1976) 
methods to optimize investment risks associated with different fuel types used by ships. 
This strategic approach facilitates the creation of a diversified investment portfolio tailored 
specifically to the unique risks inherent in various maritime fuels. In risk diversification, fleet 
management helps to balance between risk and return by constructing a portfolio that 
maximizes returns for a given level of risk (Morchio et al., 2024). Shipping companies 
typically manage multiple ships to expand their fleet, increase revenue, and meet customer 
and industry demands and as a result, their marine investment decisions impact a broader 
set of assets that includes the entire fleet (Stopford, 2008). This research question, 
therefore, helps in the diversification of risks across various assets while simultaneously 
constructing and optimizing an investment portfolio for shipping companies. Articles II–IV 
provide a comprehensive understanding of maritime investment risks and the strategies 
needed for effective risk mitigation and evaluation; however, Article I (Atari, 2021) 
specifically focuses on sustainable maritime fleet management in response to the Global 
Sulphur Cap 2020. This extension not only deepens our understanding of maritime 
economics and finance, but also paves the way for new model creation and applications in 
future research in the field. 

The articles are interconnected through a common goal of mitigating investment risks 
while ensuring compliance with environmental. Each paper addresses different aspects 
of risk – ranging from risk identification (Articles III and IV) to a more sophisticated risk 
evaluation (Article II with real options theory) and comprehensive risk diversification 
across fleets (Article I). 

As shown in Table 1, the articles progressively elaborate on the research, beginning 
with the identification and framing of the investment risk problem in maritime finance, 
particularly the challenges associated with SECA and Global Cap 2020 compliance. 
The research first explores key factors influencing risk reduction in maritime investments, 
addressing uncertainties in fuel price volatility, regulatory shifts, and abatement 
technology adoption. It then advances to the development of innovative evaluation 
models, integrating real options analysis and capital budgeting techniques to enhance 
investment decision-making for marine abatement technologies. Finally, these models 
are incorporated into a structured, portfolio-based risk management framework, 
optimizing fleet investment strategies by balancing systematic and unsystematic risks 
under evolving environmental regulations. 
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Table 1. Overview of Gaps, RQs and Articles.  

Research Gap Research Question 
(RQ) 

Article 

Gap 1: -Traditional quantitative methods in 
maritime finance are insufficient to capture 
the complexities of investment risks. 

RQ1: What key 
factors can 
effectively reduce 
the risk of maritime 
investments, and 
how can they be 
applied effectively? 

- Article III: Olaniyi et al. 
(2018)
- Article IV: Atari &
Prause (2018)

Gap 2: Conventional evaluation methods 
for investments in physical assets (like 
abatement technologies) do not account 
for the flexibility required by changing 
economic conditions seen in Maritime.  

RQ2: How can 
investment in 
marine abatement 
technology be more 
effectively evaluated 
using key influencing 
factors? 

- Article II: Atari et al.
(2019)

Gap 3: There is a lack of comprehensive 
frameworks for optimal investment 
management that simultaneously address 
systematic risks (affecting the global fleet) 
and unsystematic risks (specific to individual 
ships) under strict environmental 
regulations. 

RQ3: How can the 
risks of abatement 
investments in 
maritime fleets be 
most effectively 
managed in light of 
SECA regulations? 

- Article I: Atari (2021)
(focused on sustainable 
maritime fleet
management in 
response to
environmental
regulations)
- Additional
information are also
provided across Articles
II–IV to reinforce the
comprehensive risk
management approach

Source: Author’s compilation. 

Consequently, this thesis with the goal to provide more practical and reliable methods 
for assessing shipping investments, particularly under market volatility, and to advance 
the evaluation of maritime innovation projects proposes the development of innovative 
models and methods designed to enhance the understanding and management of 
investment risks within the framework of strict environmental regulations. The research 
achieved significant progress in the field of investment risk management for sustainable 
marine operations. The new models developed aim to integrate theoretical constructs 
and empirical evidence, providing a comprehensive framework that addresses the 
complex dynamics of adaptation and economic sustainability in the maritime industry, 
with a focus on abatement technology. 

In presenting a comprehensive framework that blends environmental compliance 
with strategic investment decision-making in the maritime sector, the study combines 
essential aspects such as financial risk assessment, strategic planning, and environmental 
stewardship. This integration not only broadens the scope of the discipline but also offers 
crucial insights for maritime industry professionals, helping them effectively manage the 
complexities of environmental regulations. Lastly, situated within the larger context of 
strategic management during regulatory uncertainty, the thesis significantly advances 
academic scholarship and offers a practical guide for sustainable business practices in 
the maritime industry. 
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The thesis structure continues with an exploration of the history and impact of SECA, 
the Global Cap, and other pertinent regulations and abatement technologies in the first 
chapter. This chapter further focuses on maritime economics, particularly the significance 
of bunker fuel prices, related financial issues, and the assessment of the economic 
implications of new environmental regulations, innovative green shipping initiatives, and 
investment risk considerations. A comprehensive review of the research gap, objectives, 
and methodologies sets the stage for a detailed analysis and discussion of the findings. 
The results highlight the viability of the proposed models, offering sustainable investment 
strategies that transcend traditional return-risk considerations. The thesis concludes 
with a summary of key insights, implications for the maritime industry, and suggestions 
for future research, marking a significant advancement in the pursuit of environmentally 
and economically sustainable maritime operations.  
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1 Background  

1.1 SECA regulation and sulphur emission compliance solutions 
The reduction of SOx is addressed in Regulation 14 of MARPOL Annex VI (Seddiek & 
Elgohary, 2014) and the emission criteria are related to the sulphur content in fuels. 
The global sulphur content cap in fuels was set at < 3.5 percent from 2012 and later 
reduced to < 0.5 percent from 2020 (DNV, 2018). However, for SECA, it was < 1 percent 
from 2010 in SOx Pollution Control Areas and further reduced to below 0.1 percent from 
2015 (Trozzi, 2010). One can say that the SECA law is perhaps one of the most influential 
environmental regulations related to shipping and has arguably been discussed more 
than any other topic in shipping over the past ten years (Makkonen & Repka, 2016). 
Similarly, this same SECA law has had many practical implications for shipping (Blank, 
2011). 

Many countries’ economies rely heavily on the shipping industry, making regulatory 
changes within the sector a subject of extensive research. The legislated sulphur cap 
introduced between 2005 and 2020 has been widely studied. Some studies focus on 
examining the best ways for shipping companies to comply with emission regulations, 
coming up with different options for dealing with emissions issues, as well as economic 
cost-benefit assessments (see Bengtsson et al., 2011; Lindstad et al., 2015; Olaniyi et al., 
2018). While some like the post-SECA studies evaluate the decisions of stakeholders. 
In particular, economic research on SECA has considered broader consequences of the 
SECA law; see, for example, Lähteenmäki-Uutela et al. (2017) and Olaniyi et al. (2017). 
Difficult decisions must be made to ensure compliance which is not a straightforward 
process, as many calculations are required regarding current and future fuel prices and 
company budgets. Below, the most favorable solutions identified between 2005 and 
2015 regarding SECA regulations and compliance with the new sulphur emission rules 
are presented. 

Figure 1. Major SECA compliance solutions.  
Source: Author’s compilation.   
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Hämäläinen & Inkinen’s (2019) research revealed that SECA had a greater influence 
than the industry expected, indirectly affecting a range of shipping activities, including 
bulk cargo, freight transportation, and the bunker fuel market. Although possible 
solutions are limited and typically come with high risks, the optimal solution is determined 
by the ship type and shipping lines as there is no single definitive answer for all cases. 
Each ship, depending on its lifetime, sailing distance, and speed, may have specific 
investment capabilities and potential (Atari & Prause, 2017). In the decision-making 
process, the strategic direction and future planning for a full business cycle are primarily 
taken into account. 

However, discussions have emerged about various new fuels, fuel management, fuel 
economy, and several studies on the current state of LNG, scrubbers, and high-sulphur 
fuel use after SECA regulation. The debates are gradually moving away from SECA, 
and discussions surrounding the Global Cap 2020 have become even more intense than 
those on SECA. Solutions have not changed significantly from SECA to Global Cap 2020, 
so shipowners are still dealing with the same possible solutions (Olaniyi & Prause, 2021). 
However, some of the new fuels and solutions discussed in the industry are making 
serious strides into the market. 

After the full implementation of SECA, fuel prices fluctuated as fuel demand changed. 
These fluctuations led to increased attention on new fuels, therefore, Holmgren et al. 
(2014) examined fuel management outcomes and proposed a new model for alternative 
fuels compatible with the work process in Northern Europe. Like Holmgren et al., since 
the SECA regulation, industry experts have paid more attention to alternative solutions 
beyond the three most popular ones. In any case, restrictions have led to the growing 
use of emerging fuels in the industry. Key issues in promoting alternative fuels in marine 
transportation include increasing the price competitiveness of marine-grade fuels by 
reducing manufacturing costs, providing tax cuts, exemptions, and government support 
(Kesieme et al., 2019).  

1.2 Investment challenges and regulatory impacts in the SECA era 
Obtaining and installing scrubbers was observed during and before the implementation 
of SECA. However, it has been difficult to established a clear investment strategy for 
scrubbers even though the technical and environmental aspects of scrubbers have been 
examined extensively (Olaniyi et al., 2018). In fact, it is difficult to find the right scrubber 
for ships at the right operational price. As Jiang et al. (2014) point out, retrofitting an 
existing ship generally costs more than installing a scrubber on a new ship, requiring 
a shorter payback period for the investment to be viable. Furthermore, they stress that 
installing scrubbers is not cost-effective if a ship’s remaining lifespan is short. This is why 
the benefits of scrubbers highly depend on the price difference between the fuels used. 
For example, the payback time depends on the price spread between high-sulphur fuel 
and low-sulphur or ultra-low-sulphur fuel (Panasiuk & Turkina, 2015; Zhu et al., 2020). 

Although the use of scrubbers has tremendous potential for major social and 
environmental benefits, as they can reduce SOx emissions by at least 95% and particulate 
matter (PM) by at least 60%, there are limitations regarding their use in the waters of 
some countries, which adds to the difficulties beyond IMO regulations (IMO, 2016). Many 
countries have released the most recent ship emission management documents, banning 
ships from discharging wastewater and burning residue from open-loop scrubbers along 
their coastal and river ECAs. Ships are required to record the particulars of wastewater 
and residue disposal (Honniball, 2019). 
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Many studies show that after the SECA regulation, most shipowners switched from 
HFO to LSFO or ULSFO and preferred these fuels over others (Zhu et al., 2020). LSFO has 
always been costlier than any other available fuel on the market. The use of this fuel is 
favorable for shipowners when the price spread between LSFO and HFO narrows (Atari 
& Prause, 2018). When the price spread is low, using a scrubber is not rational, as it will 
not generate much revenue (Olaniyi, 2017). Figure 2 shows the historical prices of different 
fuels. 

Figure 2. Historical bunker fuel price.  
Source: Current price development oil and gas, DNV GL (2019). 

Price values are calculated based on mm/BTU. In LNG, liquefaction costs need to be 
added if it is not in the EU market (DNV GL, 2019). The prices of liquefaction and natural 
gas do not differ significantly in the EU. However, a more serious concern is whether 
future prices are predictable, whether a similar correlation will exist in the future, and 
whether the variance or covariance of the current data will remain similar. These are all 
questions that may arise in the minds of researchers and economic analysts at the initial 
stage of data analysis. 

One possibility is that the price of most oil derivatives is derived from the price of 
crude oil (Alizadeh et al., 2004), thereby establishing a historical price correlation 
between different fuels. Even in the international market, gas pricing was traditionally 
determined through a formula based on crude oil values. Many scholars have been 
surprisingly inattentive to analyzing bunker prices. 

1.3 Maritime economics, investments and risk management 
Over the last two decades, the world GDP increased by approximately 73%, compared to 
a 112% increase in sea trade over the same period (Low et al., 1998). Maritime economics 
encompasses industries such as shipping, fishing, ports and infrastructure, offshore wind, 
and marine biotechnology. It is also a natural asset and ecosystem, whether for fish, 
shipping lanes, or carbon dioxide absorption. The total contribution to the global 
economy was valued at 1.5 trillion USD, and the industry created more than 31 million 
jobs by 2010 (Soares & Santos, 2018). The contribution of the entire industry to the 
northern European economy has exceeded 160 billion euros (Statista, 2020). In 2019, 
around 53,000 merchant ships traded globally. Of these, 12,290 ships were sailing in the 
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European SECA (about 23% of the world fleet), according to the Statista Research 
Department (2020).  
      The SECA regulation has had a significant impact on several macroeconomic factors, 
most notably oil and ship bunker fuel prices (Olaniyi & Prause, 2019). Since maritime 
transport is a capital-intensive industry (Atari & Prause, 2017), a sudden increase or 
decline in prices may have a significant impact on investment decisions. Investments in 
new ferry ships with a capacity of 2,500 passengers require more than 200 million euros 
(in 2020). Typically, ships are built in Chinese, Korean, or Bangladeshi shipyards, and 
engines are supplied by one of the European conglomerate engine designers and 
manufacturers (Atari et al., 2019). 

1.4 Maritime investment risk management 
Maritime business activities involve a mixture of risks. Risk is typically defined as the 
uncertainty of results, and the best way to evaluate it in terms of probability distribution 
is to analyze historical risk events (Jorion, 2007).  For convenience, this work distinguishes 
between different categories of risk: market risk, credit risk, liquidity risk, etc. Risk itself 
is the probability that an event with significant unknown impact will occur in the future 
(Atari, 2021). A standard risk assessment and management framework may include the 
following four phases: recognition, evaluation, administration (mitigation and risk 
decision-making), and monitoring (Al-Thani & Merna, 2005). 

Although the shipping industry has always been considered one of the most volatile 
industries, most risk management frameworks in the maritime sector have focused on 
freight rates (Alizadeh, 2013). Contrary to the focus of existing literature, shipping risk is 
not limited to freight rates but also includes the high volatility of important cost 
categories. Stopford (2008) differentiates between five categories of shipping costs: 
operating costs, voyage costs, cargo handling, capital costs, and maintenance costs.  
In capital budgeting, these cost categories can be classified into costs that stem from 
investment in equipment, including tentative abatement technologies (CAPEX), and those 
that represent costs for running the vessel (OPEX). Since CAPEX represents the initial 
investment costs in the vessel’s hardware, the related shipping cost category is capital 
cost, which primarily includes interest and depreciation. OPEX comprises the costs of 
operating the vessel, including operating costs, voyage costs, cargo handling, and 
maintenance costs. 

As Stopford (2008) pointed out, the main economic parameters affecting CAPEX and 
OPEX in the shipping sector are fuel prices (f), interest rates (i), maintenance costs (m), 
and other costs (o), leading to the following equation for the running cost (RC) of a vessel: 

RC=RC (CAPEX, Opex) = RC (f,i,m,o). 

There are major shortcomings in the existing literature on risk management (both 
CAPEX and OPEX risk) in the context of ship finance and investment (Alexandridis et al., 
2018). Fluctuating raw material prices can have a profound effect on corporations’ cash 
flows and earnings. The undesirability of volatility gives businesses an opportunity to 
collect advanced information on market fluctuations and monitor their exposure to price 
volatility (Kavussanos & Visvikis, 2016). 

The risk of fuel rate instability has a direct impact on a ship’s operating costs (Atari & 
Prause, 2017). Most importantly, historically, bunker fuel has accounted for about 50% 
of a vessel’s total cost (Stopford, 2002). For a ship whose operational costs are heavily 
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dependent on fuel, studies have shown that this percentage might decrease to 40% or 
sometimes rise to 60% of the running operating costs (Hämäläinen & Inkinen, 2018; 
Notteboom, 2011). The high volatility in bunker fuel prices makes predicting operational 
costs challenging (Atari et al., 2019; Atari & Prause, 2017). While fluctuations in other 
operating costs are more or less predictable, bunker costs continuously rise and fall in an 
unforeseeable manner. As a result, achieving proper risk control and maintaining a 
healthy cash flow status makes bunker costs the single most important variable to 
manage (Harwood, 2006). This represents a dangerous pitfall that may diminish potential 
operational profits during good times (Giovannini & Psaraftis, 2019). 

As a result, the emphasis of this research is on investigating the risk evaluation of 
fuel prices in abatement technology investments, which already presents a difficult 
challenge when considering the nominal lifespan of ships, typically around 20 years. 
In the case of risk management for marine abatement investments, the spread – i.e., 
the price differential between several fuel types – is at the center of attention, so all 
investments must be compared to alternative investments using different fuel types. 

1.5 Value at risk 
Parties involved in this business – shipowners, charterers, and cargo owners – constantly 
face substantial operational, business, financial, and market risks. Apart from frequent 
changes in freight rates and vessel prices, fluctuations in operating costs also contribute 
to shipping viability (Syriopoulos, 2010). The major risk of purchasing equipment related 
to SECA is the market risk of raw materials. Shipowners will therefore benefit from 
protection against fluctuating bunker fuel prices (Alizadeh & Nomikos, 2009). This thesis 
will not delve deeply into the effects of rising and falling fuel prices or study their causes. 
Instead, it will focus solely on the effects of SECA and Global Cap 2020, which have 
naturally had a significant impact on fuel prices. 

In general, standard finance theory is developed to provide mathematically 
sophisticated explanations for financial questions that, when posed in real life, are often 
complicated by imprecise and inelegant conditions (Pompian, 2012). Therefore, to control 
and manage business and market risk as a subset of investment risk, the concept of Value 
at Risk (VaR) is used, which is one of the most widely used risk measures. VaR assessment 
has been widely accepted since the 1990s. It was first introduced by JP Morgan and later 
refined by the RiskMetrics Group in their risk management software (Marshall & Siegel, 
1996). VaR indicates the likelihood of losses at a high level, specifying that over a holding 
period, losses will exceed a pre-specified threshold depending on the confidence level 
(Atari & Prause, 2018). To link classical VaR with Maritime VaR and thereby create a new 
model, the following steps were taken: 

• The period determination,
• The Gaussian bunker fuel distribution test = Yes or No,
• The Gaussian spread values of bunker fuels distribution test = Yes or No,
• The Gaussian income value distribution test = Yes or No,
• If yes, then the historical MaritimeVaR could be created,
• MaritimeVaR = Confidence interval (CI) of bunker fuel or PV of asset return,
• MaritimeVaR = CI, Bunker fuel can reveal the greatest likelihood of profit or loss.
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In the mentioned process, classical VaR is first transformed into Capital Budgeting VaR 
(CBVaR). Looking into past research related to capital budgeting and VaR, a previous 
study by Ye & Tiong (2000) failed to address future cash flow or probability density, 
as the new NPV-at-risk model was designed based on BOT infrastructure projects, where 
cash flow might not depend on variable costs. Linsmeier & Pearson (2000) draw attention 
to Cash Flow at Risk (CFaR) and reconsider the need for CFaR as potentially more 
sophisticated than VaR. Although CFaR is conceptually similar to VaR, estimating the risk 
of loss in cash flows generated by a random variable in a Monte Carlo model can be more 
complex than estimating VaR. To some extent, these difficulties are mitigated by the fact 
that the model of financial market factors can be relatively crude, as there is no point in 
refining it beyond the precision of the operating cash flow model. Nonetheless, 
developing a CFaR measurement system is likely to be a significant undertaking. 

To calculate cash flow, expenditure, or confidence levels of the dataset, the random 
variable represents C, given an asset or portfolio f(C), the probability density function dC, 
and CI as the confidence level. Finally, the probability of yielding less than C* is expressed 
as follows. The following model does not follow a Gaussian distribution: 

Prob [C< C*] = ∫ 𝑓𝑓(𝐶𝐶)𝑑𝑑𝐶𝐶 = 1 − 𝐶𝐶𝐶𝐶𝐶𝐶∗
−∞  

After transforming VaR into CBVaR, it is time to shift to MaritimeVaR. For MaritimeVaR 
validation, the work examined quantum data over a recent five-year period to observe 
the distribution of bunker fuel prices. This allows for the use of parametric and 
non-parametric VaR methods. The normality test follows the composite hypothesis 
assumed by Yap & Sim (2011) in data evaluation: 

H0 = f (x, Ɵ) ∈N (𝜇𝜇, 𝜎𝜎2 ) against H1: f (x,Ɵ) ∉N (𝜇𝜇, 𝜎𝜎2 ) 

This hypothesis is formulated based on normality testing, and the null hypothesis is 
rejected when appropriate. To test the normality of historical prices, the first test 
employed is that developed by Shapiro and Wilk (1965). The test is based on the G 
(Gaussian) statistic: 

G=
[� 𝑎𝑎𝑖𝑖 � 𝐶𝐶(𝑛𝑛−𝑖𝑖+1)−𝐶𝐶(𝑖𝑖) �]

𝑛𝑛

𝑖𝑖=1

2

� � 𝐶𝐶(𝑖𝑖)−𝑐𝑐 ̅�
𝑛𝑛

𝑖𝑖=1

2

Where Cn represents the ordered values of cash flows and ai are the given constants. 
Normality is rejected for small values of G. The fuel spread or OPEX is given by: 

Ci = C1+C2+C3+...+Cn, where C1<C2<C3<...<Cn. The Kolmogorov-Smirnov test (Lilliefors, 
1967; Dodge, 2008) is used as a second test of normality, justifying the choice of VaR 
methodology. In theory, the Kolmogorov–Smirnov statistic for testing normality belongs 
to the subcategory of goodness-of-fit statistics, specifically EDF (Empirical Distribution 
Function) statistics, which compare the population cumulative distribution function Fn(C) 
with the empirical cumulative distribution function. The Kolmogorov–Smirnov KS statistic 
is defined as follows: 

KS = 𝑚𝑚𝑚𝑚𝑚𝑚
1≤𝑖𝑖≤𝑛𝑛

{| 𝐹𝐹(𝐶𝐶𝐶𝐶 )  −  𝑖𝑖−1
𝑛𝑛

 | , | 𝐹𝐹( 𝐶𝐶𝐶𝐶 )  −  𝑖𝑖
𝑛𝑛

 |}

where: 

F (Ci)= 𝑊𝑊 �𝐶𝐶𝑖𝑖 −𝜇𝜇
𝜎𝜎

�
𝑛𝑛
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W is the cumulative distribution function of the standard normal distribution. 
Normality is rejected for large values of KS, and critical values (percentage points of the 
distribution) are required for different sample sizes. Once the statistical population 
(data) is selected, the appropriate method can be determined. 

In VaR analysis, three standard models are widely used in financial markets: historical 
data, Monte Carlo simulations, and parametric models. Choosing the correct method 
enables faster achievement of VaR objectives, providing results that inform investment 
managers about the maximum or minimum capital loss expected for a single investment 
or a portfolio over a given period, with a specified confidence level (Best, 1998). 

Since shipbuilding raw material price fluctuations lead to volatility at different stages 
whether in operating expenses, cash flow, or income (Atari & Prause, 2017), the new 
MaritimeVaR methodology is used to hedge against risks related to OPEX. This helps 
investors manage investment risks in the bunker fuel market, specifically hedging against 
fuel price risks and the financial impact of changing or not changing the type of bunker 
fuel used. When cash flows are variable, it is difficult for investors to accurately attribute 
deviations in cash flows to corporate management decisions or external factors beyond 
management’s control (Bradley et al., 1998). 

The parametric VaR method, also known as the variance-covariance method, is best 
suited to risk measurement problems where distributions are known, tested, and reliably 
estimated. However, the result can be unreliable when the sample size is very small 
(Saita, 2010). This method assumes a normal distribution of returns, requiring the 
estimation of two factors: expected return and standard deviation (Atari & Prause, 2017). 

The implemented volatility must be specified over a given time period. To identify 
population, sample, or general discrete data, finite days and their daily prices are 
required. Market data is gathered over the last 𝑛𝑛 working days. The following formula 
provides a simplified approach to calculating price volatility: 

σday= 𝜎𝜎𝑦𝑦𝑦𝑦𝑦𝑦𝑦𝑦

�𝑛𝑛 𝑑𝑑𝑎𝑎𝑑𝑑𝑑𝑑

Alternatively, if daily returns or spread values on specific days are of interest, 
the variance of the bunker fuel spread can be measured annually as follows: 

𝜎𝜎𝐻𝐻
2 = �

(𝑋𝑋𝑡𝑡 − 𝑋𝑋𝑡𝑡���)2

𝑛𝑛 − 1

𝑛𝑛

𝑛𝑛=1

For each scenario, the portfolio is valued using full nonlinear pricing models. The worst 
days selected are determined by the VaR historical confidence interval. The number of 
variables on day I is denoted as Ci, while 𝑚𝑚 represents the number of days from which 
historical data is taken: 

Cm
𝐶𝐶𝑖𝑖

𝐶𝐶𝑖𝑖−1

VaR is associated with a degree of probability; lowering the probability increases the 
confidence interval. Investment VaR and its corresponding confidence interval are shown 
in Table 2. 



24 

Table 2. Investment VaR and its confidence interval.  

Source: Author’s compilation. 

The employed VaR model and the results obtained from the proposed model, in 
accordance with the marine industry, answer research question number one presented 
in this thesis. The novelty of this section lies in the fact that the developed risk-based 
models extend into two major branches: the first is capital budgeting, and the second is 
marine economics. These subfields are categorized as ‘MaritimeVaR’ and ‘Capital 
Budgeting VaR (CBVaR),’ both of which create a new branch in financial modeling. 

In the next chapter, the author briefly describes the theory behind maritime investment 
valuation and focus on how a practicing professional involved in real project valuation 
can use these new models to calculate the value of different types of project investments. 

1.6 Investment theory 
The models and theories discussed here all stem from and are based on original 
investment theory, which is why it is been mentioned. The theory of investment has been 
well developed in the field of economics over the last century. General investment theory 
arguably originates from John Maynard Keynes’ (1936) work, in which he described the 
relationship between capital and interest rates, or in other words, the efficiency of 
investment. Based on the “internal rate of return (IRR),” firms are assumed to compare 
different projects after a complete evaluation process (Atari et al., 2019). This theory is 
useful in the investment decision-making process. 

All of this occurred after Irving Fisher’s capital and investment theories were presented 
in his papers on the existence of capital and profits (Fisher, 1906) and the rate of interest 
(Fisher, 1907). Both ideas are best expressed in Fisher’s book The Theory of Interest 
(Fisher, 1930), which treats a firm’s investment decision as an intertemporal issue. Fisher 
believed that all capital was circulating capital in his theory. In other words, the entire 
capital stock is depleted during the manufacturing process; instead, all “capital” is 
actually investment. 

Investment theories have been developed in many aspects, but the most common 
models across industries rely on the value of discounted future cash flows. The most 
frequently used model is the Net Present Value (NPV) Model. NPV represents the amount 
of cash an organization values today for a project. The main issue is that it double-counts 
investment risk by first discounting at the risk-adjusted discount rate and then indicating 
NPV as a distribution. 

Investments in financial assets are divided into two major categories: capital markets 
and capital budgeting. In capital markets, the investor allocates wealth (investment) into 
financial securities (Merton, 1990). On the other hand, capital budgeting is a method 
used by management to determine which capital investments would yield the highest 
return on investment for the funds invested (Peterson & Fabozzi, 2002). 

MaritimeVaR 
Confidence level 

Probability Level The amount of loss (Max or Min) – below 
the expected or average return. Function 
of standard deviation (σ) and time(T) 

      99% Confidence             1% -2.33(σ) × √T 

95% Confidence             5% -1.65(σ)  × √T 

90% Confidence            10% -1.28(σ)  × √T 
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Ho & Liao (2011) pointed out the deficiencies of DCF-based approaches, which exhibit 
two major pitfalls. The first is that in volatile decision-making situations, DCF factors such 
as cash flows cannot be accurately measured. The second is that the value of managerial 
flexibility in investment projects cannot be fully revealed through DCF evaluation 
analysis. Both would lead to improper results in strategic investment project valuation. 

On the other hand, IRR has a strong position in investment evaluation. Many 
decision-makers believe that NPV has more advantages than disadvantages over IRR 
(Gaspars-Wieloch, 2019). The function of the IRR model is quite similar to NPV, 
except that the discount rate here is replaced by the IRR. If the IRR is greater than the 
discounted cash flow, then the manager can accept the investment. If the IRR is lower 
than the discounted cash flow, then the investment should be rejected. 

The chart below shows the path of investment theory, which is usually divided into 
two major branches. After comparing the weight of research in both branches, it was 
observed that investment in real assets has not been well researched. Most of the research 
surprisingly focuses on capital market issues; therefore, most new methodologies and 
models are proposed for financial securities. 

Figure 3 depicts the relationship and the complete investment process. 

Figure 3. Capital investment.  
Source: Author’s compilation.   

1.6.1 A real option approach to maritime investments 
Traditional financial industry strategies are not always capable of accurately pricing 
businesses following major acquisitions. Since conventional models have failed to predict 
outcomes in many situations, new investments by companies can result in dramatic 
changes in their valuation. Recent research on financial valuation moves beyond 
traditional literature to achieve more accurate methods. These investment models and 
theories are typically more mathematically complex. 

In fact, with a deeper look into Real Options Theory (ROT), it is easily realized that 
options in the financial market have been created as a form of hedging and investment 
facilitation. However, from a historical perspective, as mentioned in the book by Brach 
(2003), this concept dates back to ancient civilizations. Historically, it replaced the trading 
of commodities and pricing of options instead of assets. 
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With the later development of financial options, they became widely used in financial 
markets, offering investors more freedom and less obligation when trading stock 
options. Gradually, options began to be used in investment evaluation. The term Real 
Option was first introduced by Stewart Myers in 1977, four years after Black and Scholes 
developed the option-pricing model. This model is used to determine the value of a call 
option. Real options allow us to evaluate different commodities, real assets, or project 
investments. However, our focus is on the type of real option applied to large-scale 
investment projects. In this context, ships and new technologies related to them are 
considered as these projects. 

Several early studies in this area focused primarily on the gap between NPV, IRR, and 
real options. Abel et al. (1996) further explained that real options perform well where 
NPV or DCF methods fail. Dixit and Pindyck (1995) elaborated on investment under 
uncertainty, recognizing the costs of irreversibility, opportunity cost, and the cost of 
giving up flexibility. Atari et al. (2019) and Carbonara & Pellegrino (2018) provide a 
detailed analysis of scenarios where high price volatility of raw materials or total OPEX 
creates significant future uncertainty, making real options superior to other evaluation 
methods. 

Considering real options as a method for evaluating real investment projects, very 
little research has been conducted in the maritime sector. Hypothetically, since this 
model is more suitable for solving environmental investment problems, it is applied to 
analyze and evaluate capital investments in new technologies, including ship scrubbing 
systems. The methods and models used in this research are illustrated in the diagram 
below. 

Figure 4. Real option approach to investment. 
Source: Author’s compilation. 

In recent years, the real options approach has been applied as a valuable tool for 
addressing several complex financial questions. The method is expanding rapidly as a 
new valuation framework. One of its roots, which has been considered a surprising 
development, is Lotfi Zadeh’s (1956) state-of-the-art advancements in fuzzy mathematics 
and its applications. Fuzzy logic plays a crucial role in financial theory by helping to predict 
trends, remove ambiguities, and reduce uncertainties. It has influenced two primary 
investment areas: (1) conventional investment theories like NPV, DCF, and PV, and  
(2) real options.
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Since the focus of this thesis is on valuation methods based on real options, other 
models like fuzzy NPV, DCF, and additional capital budgeting extensions are not included 
in the diagram. 

Carlsson & Fullér (2000) and Collan et al. (2009) applied new methods such as the 
expanded Fuzzy Real Option approach in evaluating investment cases. Later, Attarzadeh 
(2017) and Islam (2017) tested new, complex real option methods on civil projects, 
primarily focusing on the evaluation of large-scale projects with high capital budgets. 
Their results demonstrated that real options produced significant insights for investment 
valuation. 

Bendall & Stent (2010) proposed a new approach to real options by integrating real 
option theory with risk management, treating ships as commodity options to mitigate 
risks. In parallel, Huang (2007) and Kuchta (2000) developed NPV methods based on 
classical fuzzy logic and general capital budgeting models. Kahraman et al. (2002) further 
expanded this by setting up the Fuzzy Cash Flow model and calculating the payback 
period for projects. Sari & Kahraman (2015) introduced the idea of applying type-two 
fuzzy intervals to capital budgeting. 

Forecasting is an interdisciplinary field with applications in economics, finance, and 
computer-based decision-making, and it continues to expand daily. However, financial 
forecasting relies on future cash flow estimates, and there remains a gap in accurately 
predicting returns on investment. While different analytical methods and financial 
software offer partial solutions, predicting future cash flows remains challenging. 

Triantis & Borison (2001) and many other scholars working with real options have 
argued that the Black & Scholes models are not always reliable. They contended that 
Black & Scholes alone is insufficient for evaluating complex economic activities. However, 
others believe that the Black & Scholes (1973) model is not only the strongest valuation 
method for call options but also the most influential financial option pricing model in the 
history of financial engineering. 

The model is expressed in continuous time as: 

C (S, τ, E) = S x N(d1) -E x e-rxτ x N(d2) 

Where for d1 and d2: 

d1 = 𝑚𝑚 =
𝑙𝑙𝑛𝑛�𝑆𝑆

𝐸𝐸� + �𝑟𝑟+1
2 𝑥𝑥 𝜎𝜎2 � 𝑥𝑥 𝜏𝜏 

𝜎𝜎 𝑥𝑥 √𝜏𝜏

d2=d1-σ x √𝜏𝜏 

where: 
τ = time until the decision must be made or, in the case of deferment, 
the length of time the decision can be deferred. 
𝑁𝑁(𝑑𝑑1) = cumulative probability of a normal distribution. 
𝐶𝐶 represents the expected value of the underlying asset, comparable to NPV, 
to determine whether the current value exceeds the investment cost at expiration. 
𝑁𝑁(𝑑𝑑2) represents the risk-neutral probability that the underlying asset’s value will 
exceed the investment cost at expiration. 
𝐸𝐸×𝑒𝑒− r×τ represents the present value of the investment cost, where  
𝐸𝐸 is the expenditure required to acquire the project’s assets,  
𝑒𝑒 is the base of natural logarithms, and  
𝑟𝑟 is the risk-free rate of return. 
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Financial option theory provides a structured approach to valuing a company’s 
strategic investment options, bridging the gap between financial and strategic analysis. 
The main benefit of using real options is the connection to managerial flexibility. Since 
capital budgeting is a broad field and real-option models often require customization, 
this research specifically focuses on the real-options theory of company investment. 

The second approach examined in this thesis is the Binomial Option-Pricing Model, 
proposed by Cox et al. (1979). The first-time step of the binomial tree has two nodes, 
representing possible asset values (Sou, Sod) at the end of the first period (𝑇𝑇 = 1). The last 
nodes at the end of the binomial tree represent the range of possible asset values at the 
end of the option lifespan (𝑇𝑇 = n). 

Sn = e-σΔt [(p × Su) + ((1-p) x Sd)] 

where: 
• 𝑆𝑆𝑛𝑛 = present value of the underlying asset.
• σ = volatility factor.
• T = life of the option.
• Δt = time step for calculations.

The up and down factors, u and d depend on the volatility of the underlying asset:

� Su =  up factor
 Sd = down factor

Su=𝑒𝑒𝜎𝜎.√𝑑𝑑𝑡𝑡  
Sd=𝑒𝑒−𝜎𝜎.√𝑑𝑑𝑡𝑡 

Dixit & Pindyck (1994) emphasized the advantages of the binomial option-pricing tree 
model using risk-neutral probabilities over a risk-adjusted approach. The risk-neutral 
probability 𝑝𝑝is defined as:  

P (risk neutral probability of moving up) =𝑒𝑒𝜎𝜎.∆𝑡𝑡−𝑑𝑑
𝑢𝑢−𝑑𝑑

q=1-p (probability of moving down) 

Risk-neutral probabilities are mathematical intermediates that allow for discounting 
cash flows using a risk-free interest rate. Experts recommend evaluating options using 
multiple approaches, so in addition to the Black-Scholes and binomial models, this 
research also applies the Monte Carlo simulation model, leveraging Black-Scholes for 
further analysis. 

In this extended model, the underlying asset value is first calculated using the DCF 
method with a risk-adjusted discount rate. The risks are defined based on CAPEX, OPEX, 
and maritime industry factors, placing this model within multiple financial subcategories. 

St = St-1 + St-1 (r x dt + σ ε √dt) 

Where 𝑆𝑆𝑆𝑆 and 𝑆𝑆𝑆𝑆 − 1 are the underlying asset values at time 𝑆𝑆 and time 𝑆𝑆 – 1, 
respectively; 𝜎𝜎 is the volatility of the underlying asset value; and 𝜖𝜖 is the simulated  
value from a standard normal distribution with a mean of zero and a variance of one 
(Mun, 2002). Since our CAPEX, OPEX, and risks are defined in the maritime industry,  
the extended model can be placed in different sub-branches. If we use only a single 
financial valuation model, i.e., Monte Carlo, it can be categorized under the Monte Carlo 
model subcategory in financial risk or evaluation models. Otherwise, it falls under the 
category of capital budgeting and real options, which can be referred to as “Maritime 
Real Option: Binomial, Monte Carlo, or Black & Scholes.” 
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1.6.2 Investment risk management 
The portfolio approach considers sets of investments and yields deeper insights into 
portfolio returns and risks. Most of the fundamental models were developed through 
the contributions of Fama, Sharpe, and primarily Markowitz (1991), who discussed and 
later contributed to investment theory. With their contributions, they introduced CAPM, 
the efficient market portfolio, and the Sharpe ratio. In most economic risk models, the 
volatility of the asset price or the market is considered the major risk of investment, 
whether in a portfolio or a single asset (Atari, 2021). 

The results of previous research revealed that due to risk control, investors are keen 
to have a diversified basket of assets. As a result, Markowitz’s Modern Portfolio Theory 
(1952) became a focal point for managing risk and diversifying the investment basket. 
The Markowitz theory has recently been applied to address financial security issues and 
has significantly expanded in that category. 

Extensive and useful diversification models are surprisingly lacking in capital 
budgeting, investment appraisal, and real asset management. However, due to SECA 
regulations and the Global Cap 2020, fleet investment and management have 
become more complex than before. In response to research question number three of 
this thesis, solving this problem and finding the proper solution for shipping lines, 
Modern Portfolio Theory has been applied to manage maritime investment risks.  
This requires work in two areas like 1) the type and size of the ship and 2) the type of 
fuel used. 

Note that the focus of the study was on ship fuel type and its diversification model. 
Markowitz’s model is thus a theoretical framework for analyzing risk, return, and their 
interrelationships. 

To achieve the desired results, the model first had to be adapted from financial 
security applications to real asset diversification. This process involved converting 
daily log returns and daily-portion expected returns to integer form and calculating 
the standard deviation. As a consequence, the expected return is the first and most 
critical factor to consider when building a diversified portfolio. The expected return of 
a portfolio is the weighted average of the expected returns for each asset in the  
portfolio: 

E (RP)=∑𝑗𝑗=1
𝑚𝑚 𝑤𝑤𝑗𝑗𝐸𝐸(𝑅𝑅𝑗𝑗) 

where: 
Rp = expected return of the portfolio 
Rj = Expected return on security j 
Wj = Proportion of total portfolio invested in security j 
m = total number of securities in the portfolio  

Diversification and basket-making continue to be heavily dependent on accurate 
investment return assessment. However, while Markowitz’s diversification and portfolio 
optimization model is strong and complex on its own, it has flaws as well. The model is 
not adaptive to time intervals and is limited to two fair standard deviations and  
returns, which is one of its listed flaws. After measuring the return, the standard 
deviation of the portfolio return at the desired point must be determined. The following 
formula presents the calculation of the standard deviation for a portfolio with multiple 
assets: 
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𝜎𝜎𝑝𝑝 
2 =∑𝑖𝑖=1

𝑛𝑛 ∑ 𝑤𝑤𝑖𝑖𝑤𝑤𝑗𝑗 
𝑛𝑛
𝑗𝑗=1 Cov (ri, rj) 

where: 
Wij = the weights of the portfolio’s individual securities, where the weights are calculated 
by the proportion of capital in the portfolio 
σ𝑝𝑝 

2 = the variance rate of return, asset i 
Covij = the covariance between the rates, return for assets i and j 

The Covariance of portfolio return can be computed by summing up all the entries to 
the following table: 

𝜎𝜎𝑝𝑝 
2 = (W1 W2 …WN)�

𝜎𝜎11 ⋯ 𝜎𝜎1𝑛𝑛
⋮ ⋱ ⋮

𝜎𝜎𝑛𝑛1 ⋯ 𝜎𝜎𝑛𝑛𝑛𝑛

� �
𝑊𝑊1

⋮
𝑊𝑊𝑛𝑛

� 

However, Markowitz (1999) found that when there is a high degree of uncertainty 
about future returns, greater diversification of investments reduces risk. Many who are 
aware of potential returns with confidence will, in principle, invest in only one safe asset 
– the one with the highest expected future return. Both Fama and Markowitz proposed
different diversification tests, but they did not determine the optimal number of assets
in a portfolio, particularly when real or risk-free assets are added to the total market risky 
asset.

Sharpe (1970) extended the basic portfolio model by discussing SML vs. CML for 
determining the most efficient portfolio. He emphasized that the only portfolio that can 
be on both CML and SML is an efficient portfolio. Moreover, SML is expressed as: 

E (Ri)= Rf+ E(Ri)-Rf     𝐶𝐶𝐶𝐶𝐶𝐶  (𝑅𝑅𝑖𝑖𝑅𝑅𝑚𝑚)
𝑉𝑉𝑎𝑎𝑟𝑟(𝑅𝑅𝑚𝑚)

While this work did not consider the beta of the market, and this was not possible, 
much effort was put into creating adequate models using the more complete Fama and 
Sharpe models. There were also constraints in constructing a portfolio and utilizing the 
market capital line. Assuming we have a portfolio of multiple assets with the same 
volatility (𝜎𝜎2) and Cov (covariance between these assets), we can deduct from the graph 
and our estimate of the cap that as 𝑁𝑁 (number of assets) approaches infinity, specific risk 
continues to diminish, leaving only market/systematic risk. 

 It is important to remember that if all asset returns are independently distributed, 
then Cov = 0 and = 0. For a portfolio of 𝑁𝑁 assets, there is a unique, diversifiable risk 
component. 

𝜎𝜎𝑝𝑝 
2 = 1

𝑁𝑁
𝜎𝜎 2+ 𝑁𝑁−1

𝑁𝑁
.Cov 

When the number of assets in the portfolio (𝑁𝑁) is very large, the portfolio approaches 
the X-axis and tends toward ∞. We reduce portfolio risk by moving forward on the X-axis 
and increasing the number of assets. 

𝑙𝑙𝐶𝐶𝑚𝑚
𝑛𝑛→∞

𝜎𝜎𝑝𝑝 
2 = 𝐶𝐶𝐶𝐶𝐶𝐶 

The results obtained and the proposal are classified into two categories: systematic 
and unsystematic risks. Finally, a proposed model is presented. This justification is 
illustrated in Figure 5. 
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Figure 5. Risk of investment portfolio.  
Source: Author’s compilation.   

The chart explains the risk involved in investment portfolios. It shows that by adding 
more diverse investments (such as ships), the total risk decreases. The diagram also breaks 
down risk into unsystematic risks (specific to individual investments) and systematic risks 
(market-wide risks). 

When discussing the optimal size of ships, the total number of ships in a fleet or in the 
global fleet, the type of ships, and the type of fuel they should use, the diversification 
question remains. This thesis presents a novel approach by focusing on risk management 
in the maritime industry. No one has yet paid attention to using the portfolio method to 
manage fleet investment risk. By applying this diversification strategy, we can manage 
the risk of investment in fleets. 

Technically, this means that by combining assets into a portfolio, some risk is eliminated 
(mainly due to the covariance term), following Markowitz’s emphasis on the correct 
selection of assets and proper diversification. 

Diversification itself is a set of strategies designed to reduce risk by spreading the 
portfolio across appropriate investments (Atari, 2021). The diagram below presents an 
attempt to create a new model of an investment portfolio concerning real asset 
investment, based on both the classical Markowitz model and the modern investment 
model. 

Figure 6 illustrates the steps involved in managing investments and portfolios. It starts 
with investment theories and progresses through steps such as assessing investments, 
managing risk, and diversifying assets. Then, it explains how to identify, select, form, 
update, evaluate, and optimize investment portfolios. 
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Figure 6. Investment appraisal, portfolio management.  
Source: Author’s compilation.

A well-diversified portfolio requires constant optimization (Atari, 2021). The well-known 
mean-variance optimization considers the standard deviation of the returns for each 
asset. To complete the optimization process, it must visually demonstrate the position 
of each asset based on its expected return. Finally, this leads to constructing the efficient 
frontier, where the capital market line (CML) divides risky and risk-free portfolios. 

To determine the best efficient frontier position, comprehensive studies on the 
correlation and covariance of returns between assets are required. Annualized data and 
information about the efficient frontier, optimal portfolio, or even the tangency point 
can help investors make investment decisions more quickly, accurately, and with reduced 
risk. 

The results can be updated annually based on historical fuel data and the OPEX of ships. 
The entire process and its outcomes emphasize the importance of asset diversification 
in the maritime industry. 
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2 Methodology 
In this section, the author discusses the research methodology of the thesis within the 
context of maritime operations. The methodology is strongly influenced by operations 
management (OM), particularly operations research (OR), which draws on financial and 
mathematical modeling to establish a robust analytical framework. A critical component 
of this approach is risk management, which is essential for evaluating uncertainties in 
maritime investment decisions, regulatory compliance, and operational strategies. 
Overall, this methodology is crucial for addressing the research questions centered 
around Sulphur Emission Control Areas (SECA), a key environmental regulation that has 
significantly influenced maritime discourse, as noted by Makkonen and Repka (2016). 

Therefore, this research begins with a thorough review of the legal and environmental 
provisions governing SECA, transitioning into a comprehensive risk assessment. These 
steps are critical for framing the subsequent analytical processes, where the focus is on 
evaluating investments in these risk parameters. 

Identifying the optimal solution for utilizing green fuels and solutions that comply with 
SECA regulations, while also maintaining a company’s financial health, presents a 
multifaceted challenge that demands a complex and well-structured research approach. 
This integrated approach which is a combination of business research (BR), operations 
research (OR), and financial engineering methods introduces complexity to the evaluation 
of maritime investments due to the significant capital required. 

By combining BR insights, which provide a contextual understanding of market 
dynamics and industry trends, with OR techniques for optimizing decision-making 
processes, and financial engineering methods for risk assessment and portfolio 
management, a comprehensive framework for evaluating maritime investments emerges. 
This combination allows for a holistic analysis that considers quantitatively finer factors 
and enables stakeholders to make informed investment decisions amid the complexities 
of the maritime industry. 

As highlighted by Brady et al. (2012), evaluating investment decisions within business 
research (BR) involves a series of rigorous steps: designing the research framework, 
selecting suitable methodologies, gathering relevant data, and, crucially, refining and 
analyzing this data to derive meaningful conclusions. The complexity of such research 
tasks has prompted researchers to consistently innovate and exhibit resilience, often by 
adopting interdisciplinary approaches, as noted by Van Aken (2016). 

The increasing prevalence of interdisciplinary research across various domains –  
such as supply chain management (SCM), logistics, maritime operations (MO), maritime 
economics (ME), and finance (MF) accentuates the necessity of integrating diverse 
perspectives and expertise to tackle complex issues effectively. In the context of 
maritime economics, blending financial engineering with operations research enables 
the development of sophisticated analytical frameworks and decision-support tools 
(Spronk et al., 2016). This integration empowers practitioners to address the unique 
challenges and opportunities within the maritime industry, leading to enhanced 
efficiency, profitability, and resilience in maritime operations and investments. 

In collaborative efforts across multiple domains including business, operations, 
economics, engineering, and environmental science innovative solutions to pressing 
challenges are explored (Frodeman et al., 2017). These perspectives are pivotal in 
creating new methods for supply chain optimization, risk management in finance, and 
advancing sustainability in maritime industries (Gerlitz et al., 2022). By transcending 
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traditional academic boundaries, such interdisciplinary and multidisciplinary research 
enables scholars and industry practitioners to leverage the collective strengths of various 
disciplines, thus facilitating a more effective approach to complex, multifaceted challenges 
in maritime finance and operations (Bakkar et al., 2019). 

Modern research methodologies are streamlining the research process, allowing 
scholars to reach their objectives more efficiently. This doctoral thesis exemplifies this 
by adopting the aforementioned quantitative approaches. It utilizes advanced, novel 
scientific modeling techniques within the framework of Business Research (BR) and 
Operations Research (OR), applied to the business and management sciences. These 
quantitative methods, particularly effective for complex decision-making in maritime 
investment and risk management (a subfield of Maritime and Management Finance), 
ensure structured, repeatable, and objective data collection and analysis. 

However, a continuing debate surrounds the limitations of quantitative methods in 
capturing the full picture of business phenomena. While these methods excel in 
statistical and mathematical analysis, they may oversimplify real-world business 
situations by neglecting the intricate relationships between variables. To overcome this 
limitation, scholars frequently integrate complementary methodologies, such as 
Operations Research (OR) with other quantitative methods in Business Research, 
including financial engineering (Jensen & Bard, 2002). 

Furthermore, Management Science (MS), as a subfield of OR, is a discipline that 
applies analytical methods to improve business decision-making. It integrates smoothly 
into business administration. The ability of MS to optimize organizational processes, 
enhance decision-making, and improve operational efficiencies justifies its use in 
business administration studies (Anderson et al., 2019). It leverages statistical data and 
algorithmic models to solve complex problems in broad domains like maritime and ship 
finance, making it a vital part of modern business strategy and operations management 
(Taylor, 2002). This integration of MS enhances data-driven decision-making, which is 
crucial for gaining a competitive advantage in the business landscape. 

Quantitative decision-making in business involves using mathematical models, 
statistics, and algorithms to analyze data and make informed decisions. This approach 
emphasizes objectivity and precision, relying on numerical data to predict outcomes and 
optimize strategies. Common applications include financial analysis, risk assessment, 
resource allocation, and strategic planning. While quantitative methods provide rigorous 
tools for decision-making, they may require supplementary qualitative insights to address 
factors such as investor behavior, morale, and other dynamic elements of business 
environments. 

Decision analysis, Operations Research (OR), and Management Science (MS) each 
offer structured methodologies for addressing complex decision-making problems within 
organizations. Decision analysis encompasses probabilistic modeling, decision trees, 
influence diagrams, and sensitivity analysis, providing frameworks to analyze decisions 
and select optimal courses of action (Parnell, 2013). On the other hand, the OR research 
methodology involves problem formulation, model development, data collection and 
analysis, solution implementation, and performance evaluation. OR researchers 
frequently collaborate closely with practitioners to tackle real-world challenges and 
implement effective solutions (Petropoulos et al., 2024). 

Similarly, research in Management Science involves formulating hypotheses, 
collecting data, conducting empirical analysis, and developing models or frameworks to 
support decision-making processes. This field emphasizes interdisciplinary collaboration 
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and the integration of theoretical insights with practical applications (Jonker & Pennink, 
2010). Therefore, by integrating these methodologies, researchers and organizations can 
enhance their decision-making capabilities and improve overall performance in dynamic 
and uncertain business and economic environments. 

The debate regarding the preferred research method in Business Research (BR) 
continues. This thesis acknowledges the ongoing discussion between quantitative and 
qualitative approaches. While Simon (1979) champions qualitative methods for their 
ability to interpret complex and subjective factors, Kahneman and Tversky (2013) 
advocate for quantitative methods due to their ability to minimize bias through statistical 
models. Creswell, J. W., & Creswell, J. D. (2017) propose a more holistic approach, 
integrating both quantitative and qualitative methodologies for optimal decision-making. 
Venkatesh et al. (2013) further this argument, highlighting the need to combine advanced 
mathematical modeling with statistical methods while acknowledging the value of 
qualitative insights for a deeper understanding of behaviors and contexts. However, 
despite these arguments, this thesis will focus solely on quantitative modeling and 
informed decision-making (IDM). 

Operations Research (OR) engages deeply with epistemological, ontological, and 
axiological considerations, shaping its approach to problem-solving in diverse contexts. 
Epistemologically, OR is rooted in positivism, emphasizing the acquisition and validation 
of knowledge through empirical data and mathematical modeling, suggesting that 
objective truths about systems can be discovered through observable phenomena 
(Brady et al., 2012). Ontologically, OR adopts a realist stance, believing that the systems 
it studies such as organizational structures and processes, have tangible characteristics 
that exist independently of perceptions and can be systematically analyzed and 
optimized (Birge & Louveaux, 2011). From an axiological perspective, OR prioritizes 
effectiveness and efficiency but is increasingly attentive to ethical considerations, 
balancing optimal solutions with fairness and societal welfare (Miser, 1991). These 
philosophical dimensions collectively guide OR’s application across various sectors, 
ensuring that its methodologies not only address practical problems but also consider 
the broader impact of its solutions. 

Finally, this thesis examines how different fields from management sciences, operations 
research, and business research to financial engineering, maritime economics, and 
maritime finance come together. These fields each have their own unique yet 
interconnected philosophical, ontological, epistemological, ethical, and axiological 
perspectives that influence decision-making and core values. The emphasis on analytical 
rigor, primarily underpinned by positivism and realism, unites these fields, guiding 
the application of both quantitative and qualitative methods to address practical and 
theoretical challenges (Ackoff, 1979; Leitch et al., 2010). 

Ethical considerations are paramount, particularly in their focus on the socio-
environmental impacts of decisions, reflecting a deep commitment to corporate social 
responsibility (CSR) and ethical financial practices (Crane et al., 2019). Furthermore, 
their axiological orientations prioritize values such as efficiency, effectiveness, innovation, 
and sustainability, driving these disciplines not merely toward profit maximization but 
also toward developing better societal and environmental outcomes (Porter & Kramer, 
2006; Schaltegger & Burritt, 2018). 

To facilitate an understanding of the methodology and its connection to the research 
questions, as well as their relationship with the articles in this thesis framework, Table 3 
provides an easy reference for readers. 
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Table 3. Research Design.  

Source: Author’s compilation. 

Research 
Question 

Relevant 
Paper Paper Focus Methodology Data 

Collection Data Analysis 

RQ1: What 
key factors 

can effectively 
reduce the 

risk of 
maritime 

investments, 
and how to 
apply them 
effectively? 

Paper I: Risk 
assessment of 

emission 
abatement 

technologies 
for clean 

shipping (Atari 
& Prause, 

2017) 

This paper 
focuses on 

assessing risks 
related to 

abatement 
technologies, 

helping to 
identify key 

factors in 
reducing 
maritime 

investment 
risks Quantitative 

Quantitative 
data on 

bunker fuel 
use, ship info 

Quantitative 
risk analysis, 

including 
statistical 
modeling, 
probability 

assessments, 
and trend 

analysis of risk 
factors 

affecting 
maritime 

operations 

Paper II: 
Maritime 

energy 
contracting for 
clean shipping 
(Olaniyi et al., 

2018) 

This paper 
evaluates risk 
assessment 
models for 

fuel choices in 
the maritime 

industry, 
addressing the 

risks of fuel-
related 

investment 
decisions 

Secondary 
data on fuel 
contracts, 
maritime 

regulations, 
and industry 

reports 

Risk 
assessment 

model 
development, 

validation 
using case 

studies 

RQ2: How can 
investment in 

marine 
abatement 

technology be 
more 

effectively 
evaluated 
using key 

influencing 
factors? 

Paper II: Real 
options 

analysis of 
abatement 

investments 
for sulphur 
emission 
control 

compliance 
(Atari et al., 

2019) 

This paper 
addresses the 
evaluation of 
abatement 

technologies 
using real 
options 
analysis, 

answering 
how to 

effectively 
evaluate such 
investments 

Quantitative 

Primary data 
from industry 
stakeholders, 

secondary 
data from 
shipping 

companies 
and 

environmental 
regulators 

Real options 
analysis, risk 
assessment 

models 

RQ3: How can 
the risks of 
abatement 

investments 
in maritime 

fleets be most 
effectively 

managed in 
light of SECA 
regulations? 

Paper I: 
Sustainable 

maritime fleet 
management 
in the context 

of global 
sulphur cap 
2020 (Atari, 

2021) 

This paper 
provides 

insights into 
managing the 

risks 
associated 

with maritime 
fleets in 

compliance 
with SECA 

regulations 

Quantitative 

Secondary 
data from 
industry 
reports, 

regulations, 
and shipping 

data 

Descriptive 
statistics, 

optimization 
models for 

fleet 
management 



37 

2.1 Research data collection 
Research data were obtained from a variety of sources. The first set of data comprised 
ships’ fuel prices over a ten-year period. These fuel prices and spreads were calculated 
at specific time intervals, obtained from a well-known Estonian oil and fuel producer 
company. They were valuable, and the data were critical to the research’s initial success. 
In subsequent years, higher-quality and more accurate data were used. This data was 
obtained from companies specializing in collecting fuel prices and other commodity 
prices from ships and bunkers, such as the DNV GL online platform. Their raw data were 
of better quality and completeness. 

Usually, large companies and research institutes benefit from such data because these 
specialized companies update their datasets daily and sometimes hourly. The data 
obtained were not subject to specific analysis, were not purchased for this research, and 
did not include any contractual restrictions regarding research use, publication, or 
republishing. 

To advance research in the shipping industry, collecting detailed ship information was 
crucial. This data encompassed technical specifications such as engine power, number of 
engines, capacity, size, and fuel consumption. A more comprehensive dataset was 
compiled, including details such as ship weight, country of manufacture, passenger 
capacity, cargo capacity, and traffic routes. Additionally, data on accepted routes and 
ports were gathered to determine the amount of time ships spend inside or outside 
Sulphur Emission Control Areas (SECA) and fuel consumption in Emission Control Areas 
(ECA). This extensive dataset is vital for thoroughly assessing the applicability and 
accuracy of models in real-world scenarios. 

When historical data is collected, it is used to validate and construct new models, and 
the remaining data is used to determine if the model is functioning properly. Model 
validation is performed in the first step by comparing the model’s results with the 
corresponding processes or with the outcomes of other models run with the same input 
data. For each set of research conditions, confidence intervals and hypothesis tests are 
used to compare parameters, distributions, and time series results. These statistical tests 
aided in model development and assessing model appropriateness. During this process, 
the author conducted historical data validation, sensitivity analysis, and parameter 
heterogeneity testing. 

On a related but significant note, the case study approach is not simply a form of 
qualitative analysis, even though it is often categorized within qualitative research 
methods (Creswell et al., 2007). The case study method incorporates multiple sources of 
data and various data collection techniques. Each source has advantages and 
disadvantages, and they complement one another, making it advisable to use several 
information sources (Yin, 1994). Merriam (1998) stated that a case study is an 
examination of a constrained system or cases over time, utilizing comprehensive, 
in-depth data collection from multiple sources to enrich contextual understanding.  
A case study may focus on any subject, but it must employ a structured methodological 
approach and include empirical (quantitative) data (Yin, 2002). Case study research has 
long been recognized as one of the most effective methodologies in operations 
management and operations research (Sadeghi et al., 2021). Seuring (2008) noted that 
case studies are particularly effective for analyzing multiple stages of a supply chain and 
operations, as they enable direct observation of sector-specific processes. 

In case study-based empirical data collection, a structured protocol was followed, 
focusing on data acquisition within the context of the maritime industry, its social 
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phenomena (investment and risk), cases (shipping lines), and sub-cases (ships). 
The primary data collection process began with structured, formal, and informal 
discussions with maritime experts, officials, and port affairs specialists working across 
various fields. These included captains, ship crews, ship engineers, maritime & energy 
consultants, engine technicians, scrubber engineers, and experts in ship equipment, raw 
materials, and chemical sales & marketing related to ship operations. Some of this data 
was obtained through participation in webinars and specialized conferences. 

Additionally, numerous meetings with professionals experienced in other research 
fields and academics from IT, economics, business management, and finance contributed 
to the study. These engagements provided valuable insights into tools, data analysis, and 
financial theories, facilitating knowledge transfer that significantly enhanced the quality 
and rigor of this research. 

Fieldwork, field trips, and industrial visits were embarked upon to validate and modify 
the designed models, and the optimized model is recommended for further research in 
other business environments within the operations research process (Lacono et al., 
2011). The case study observation data collection included field trips, group studies, and 
discussions within the context of the project. 

The main part of the empirical data was collected between November 2016 and 
September 2018 as part of the project “EnviSuM”, an EU-funded project within the 
TalTech University project group, examining the economic and financial (investment & 
risk) impact of SECA. A portion of the data collection focused on the interactions between 
maritime stakeholders in the Baltic Sea Region (BSR) and their perspectives on financial 
concerns, compliance costs, the compliance process, and their overall perceptions of the 
impact of the new regulations. 

The field trip study included data collected from visits to numerous ships, ports, 
bunker fuel and oil production and distribution facilities, green shipping communities, 
and international organizations active in various maritime fields across European 
countries. It was followed by several face-to-face, semi-structured expert interviews 
conducted across BSR workshops. By examining real cases from the maritime industry 
during and after the implementation of SECA in the Baltic Sea Region (BSR), the study 
provided insights into economic activities, operating income and costs, ship finance, ship 
investments, and profitability. 

There were numerous possibilities for investment changes both prior to and following 
SECA. Green shipping regulations have significantly influenced investment patterns. 
Therefore, the case studies facilitated a review of investment decisions concerning ships 
and new technologies to ensure regulatory compliance. The objective of selecting this 
research approach was to develop, integrate, and substantiate the findings. 

Operations analysis is the process of providing reliable statistics and analysis to address 
critical problems. One of the primary goals of this study is to determine how operations 
analysis can enhance management decision-making and flexibility. The managerial 
decision-making process is highly dynamic and closely linked to a business’s viability, 
financial performance, and operational performance. 

To maximize effectiveness, strategic choices must incorporate objective data and 
analysis to complement subjective data and decision-making. Achieving accurate 
decision-making required diligent and close communication with maritime stakeholders 
within the BSR, which was crucial for addressing the dynamics of the research questions. 
As a result, the case studies assisted in evaluating decisions on ship investments and new 
technologies to ensure compliance with SECA regulations. 
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All case studies mentioned in this thesis include holistic, embedded, and single or 
multiple case studies. The collected data were categorized, classified, and encoded in 
stages. The case studies were analyzed contextually, using an explanation-building 
approach, and their findings were integrated into the text. 

2.2 Data analysis 
Following the completion of the ships’ (or shipping lines’) information and consumption 
in relation to cost accounting, the analysis of bunker fuel data entails the spread prices 
of the most expensive bunker fuels present on the market. Capturing technological 
details and financial data regarding the new or used dismantled equipment’s turns to be 
challenging in a data collection process. The prices and value of new equipment used on 
board or the retrofit equipment could help us to set the precise value as a CAPEX in our 
cases. Due to the high competition, the abatement technology manufacturers had 
difficulties on sharing commercial and financial data related. The values adjusted by the 
help of experienced maritime consultants and engineers to guess with the current 
market values. To complete the OPEX part, the total fuel consumption of each case was 
required in order to check the payback time, DCF, and NPV and lay the groundwork for 
new financial modelling. Fuel data analysis and investment valuations were performed 
by various statistical analyses, probability methods, and some machine learning 
techniques. The following software packages were used for modelling and data analyses: 
spreadsheets, IBM SPSS, Python, and R. 
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3 Results and discussion 

3.1 Key factors for reducing maritime investment risks and their 
applications (RQ1) 
RQ1 examines key factors that can effectively reduce the risk of maritime investments, 
and how can they be applied effectively. It focuses on understanding how shipowners 
can mitigate financial uncertainties and optimize their compliance strategies under 
regulatory frameworks such as SECA and the Global Cap 2020. 
        From SECA to Global Cap 2020, the main maritime compliance solutions to the new 
environmental legislation remained the same (Atari, 2021). LNG, LSFO, and HFO + 
Scrubbers were the most widely discussed SECA-related solutions (Olaniyi & Prause, 
2020). In this thesis, all aspects of investment and related risks to comply with SECA and 
Global Cap 2020 were examined. However, Prause & Olaniyi (2021) pointed out that 
SECA imposed significant costs on the maritime industry. In practice, this obliges high 
costs on the industry, with profitable businesses bearing the brunt of the risk. 

According to experts and nearly similar views, the most significant reason why 
scrubbers are not being widely used is the misconception that their equipment will 
become outdated in the near future. Newer regulations restrict their use, and most 
importantly, scrubbers take up significant space on the ship. Additionally, country-specific 
restrictions further limit their use, eliminating the possibility of installing scrubbers on 
many ships. Evidence shows that European companies are less interested in scrubbers 
compared to companies in other regions, including China. However, contrary to popular 
belief, this technology is unlikely to become obsolete in the near future. 

The analysis of operating costs for different cases showed that scrubbers themselves 
increase the operating costs of a ship and increase fuel and electricity consumption on 
board. They also greatly increase maintenance costs, adding to labor costs required for 
maintaining this equipment. The additional cost comes from the need for a specialist 
engineer or technician who must always be on board during voyages to monitor and 
control the performance of the device. 

In a way, consuming heavy fuel oil (HFO) itself presents many risks, which increases 
the risk of investing in a scrubber. Analysis revealed that high HFO prices reduce the 
economic costs of SECA compliance. It also showed that producers and refiners of heavy 
fuel will likely phase out this fuel from their production basket at a certain point in the 
future. With a declining production trend, its refining will likely shift to specific and 
smaller refineries. HFO is older than any other bunker fuel on the market, so it has more 
historical pricing data. The study of HFO historical prices revealed that it has experienced 
several major price variations over the years. As a result, the popularity of heavy fuel oil 
has declined. 

The first striking observation to emerge from the analysis was that descriptive 
statistics and various test results illustrated the fuel price distribution following a normal 
distribution in many cases and across several time intervals. Based on the observation 
that, fuel prices and market spread values exhibit a standard distribution over a five-year 
cycle, both before and after SECA, the author was able to calculate the maximum 
expected loss (risk of investing in a scrubber using HFO) over that time period, given a 
confidence level (90%, 95%, 99%). The proposed MaritimeVaR methodology estimates 
the maximum potential loss on a maritime investment by assessing the probability of an 
investment outcome over a defined period with a specified level of confidence. 
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The expanded value at risk (VaR) in capital budgeting assisted in understanding 
returns on investment over the relevant time span, determining confidence levels, and 
monitoring and managing demand and ship fuel risks. The entire concept was adapted 
from financial engineering to maritime economics. It refers to the calculation of NPV, 
payback period, IRR, and DCF of scrubbers under various scenarios. 

From a financial standpoint, all the findings were surprisingly compelling to investors. 
The primary goal of using and deploying a MaritimeVaR model was to utilize renewable 
marine fuels and abatement technologies. The author tested the outcomes of abatement 
technologies using the newly developed MaritimeVaR and CBVaR models, both of which 
used conventional NPV models and the results revealed that investing in scrubbers is 
objectively feasible in various cases. Only on a few occasions did the historical spread 
drop below the critical values, making the investment favorable and profitable. 

However, discussions, uncertainties, and speculation surrounding the technology, 
future regulations, capital costs, investment timing (deferment), and the capital availability 
for investment remain key concerns. 

The quantitative and case study data show that shipowners, especially in Northern 
Europe, often opt for low-Sulphur fuel to avoid the challenges associated with scrubbers. 
The findings align with the fact that, despite being the most expensive option, LSFO 
remains the most widely used fuel in Northern Europe. In meetings and discussions with 
industry experts, the author found that many are optimistic about the future of LSFO. 
They anticipate a higher market share for this fuel after SECA and Global Cap 2020. 
However, there is also opposition to this expectation, with some believing that LNG will 
dominate the market in the near future. 

3.2 Evaluating marine abatement technology investments (RQ2) 
RQ2 examines the factors influencing shipowners’ investments in marine abatement 
technologies and their preferred compliance strategies under SECA regulations. 

Engineers and technical experts emphasize the high performance of LSFO in engines, 
along with its easy accessibility. The findings further indicate that LSFO remains prevalent 
due to its greater availability compared to other bunker fuels. However, it also raises 
overhead costs for shipping companies. One major reason why most shipping companies 
continue to use this fuel under SECA regulations is the belief among ship engineers that 
advanced engine technologies have been well-developed and optimized for high 
efficiency and compatibility with LSFO. 

Shipowners could drastically reduce operating costs by investing in abatement 
technologies such as scrubbers using lower-cost heavy fuel. In the reviewed cases, 
assuming shipowners installed scrubbers, the payback period ranged between 0.6 and 
3 years, depending on the ship’s size, engine number, and engine power. The payback 
period is largely influenced by the price spread between LSFO and HFO, which fluctuates 
depending on market conditions. By using scrubbers, shipowners could control operating 
costs instead of directing cash flows to refineries and fuel producers. Olaniyi & Prause 
(2020) provide a detailed analysis comparing investment in desulphurization processes 
at refineries versus onboard scrubbers at a smaller scale.  

The results from ROT analysis and modeling reinforce confidence in scrubber 
investments. However, the evaluation of investment challenges also reveals several risk 
factors. Fuel price volatility, regulatory uncertainty, potential restrictions on open-loop 
scrubbers in some waters, and the operational reliability and maintenance costs of 
scrubbers all contribute to the complexity of investment decisions. 
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The new modeling approach extends real option assessment to the maritime industry, 
focusing on investment decisions related to alternative fuels. Observations indicate that 
most ships operating in the Baltic Sea since 2005 have increasingly switched to 
low-Sulphur fuels. Between 2014 and 2017, discussions about suitable fuel alternatives 
for ships intensified. Using actual alternatives, the author investigated whether 
decision-makers intentionally postponed or continued investments, or if these decisions 
were based on uncertainty, imitation, or market speculation. The analysis suggests 
that shipowners must adopt a flexible approach, balancing short-term compliance costs 
with long-term operational savings, while carefully assessing regulatory risks, 
technological developments, and fuel price volatility. 

3.3 Managing risks of abatement investments in maritime fleets (RQ3) 
RQ3 explore how the risks of abatement investments in maritime fleets be most 
effectively managed in light of SECA regulations. It focuses on identifying risk management 
strategies that allow shipowners to navigate fuel price volatility, regulatory uncertainties, 
and market fluctuations when making abatement investment decisions. 

Logically speaking, investing in abatement does not make sense when the price spread 
is narrow. High fuel price volatility and the spread between fuel types create significant 
ambiguity for investment decisions. Comparing the new model calculations with the 
Black & Scholes model and the NPV method validates the decisions made by shipping 
lines. In short, many shipping companies made the right choice by rejecting scrubber 
investments in 2014 and 2015. 

Based on option deferment, a one-year delay in investment decisions allows companies 
to learn from the market. Historical data show high volatility, with a deep recession 
in 2007–2008 and significant price fluctuations between 2014 and 2016 (before and after 
SECA). These factors confirm that shipowners and shipping lines made the correct 
decision by adopting a wait-and-learn strategy. 

After SECA regulations took effect, further stabilization of bunker fuel prices in 2018 
(following Chinese SECA) and in 2020 (after Global Cap) allowed for a re-examination of 
economic feasibility. To assess market conditions between 2020 and 2025, the author 
created a binomial diagram of potential fuel alternatives, incorporating a higher-level 
perspective using Cox models. The results obtained from this model confirmed the 
findings of the Black & Scholes model, illustrating all possible investment scenarios 
during the first ten years (2015–2025) of a scrubber’s total useful lifespan. This model 
provides valuable investment insights for those considering scrubber installations. 

The objective findings reveal that, following the SECA rule, the majority of shipping 
lines concentrated their capital investment in one fuel type, running all their ships on 
low-sulphur diesel. This poses a high financial risk for companies. However, most shipping 
lines have diversified fleets, including cargo ships, ferries, tankers, and bulk carriers.  
The new model, based on Markowitz portfolio theory and related financial models, was 
used to address the third research question. This approach applies real asset allocation 
and diversification within the capital budgeting framework. 

LNG has recently emerged as a new clean fuel in the maritime industry. It not only 
produces zero sulphur emissions but also reduces other greenhouse gases and is generally 
considered safe and environmentally friendly. The case study findings indicate that 
investors are concerned about LNG supply, as it is produced in only a limited number of 
countries. While HFO is derived from crude oil, LNG is sourced from natural gas. 
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LNG has historically been priced lower than other bunker fuels, and its price volatility 
is comparable to that of other fuels. While LNG prices are tied to natural gas prices, gas 
prices are strongly correlated with oil prices. Due to the optimism surrounding LNG, 
many companies are rapidly developing LNG-compatible equipment. 

A limited number of LNG-fueled ships have entered the global fleet. However, the risk 
of supply limitations poses an investment challenge not only for ships but also for engine 
manufacturers, fuel storage tanks, terminals, and other related infrastructure. The lack 
of sufficient LNG infrastructure discourages enthusiastic investors. 

To balance investment risks and reduce uncertainty, the author proposes a modern 
portfolio application for asset diversification. The optimal strategy involves splitting total 
fleet assets into three fuel categories: LSFO, HFO + Scrubber, and LNG. This approach 
aligns with Markowitz modern portfolio theory, recommending an equal asset allocation 
strategy that involves dividing total assets into 33.3% for each fuel type. 

The risk model for diversification must be well-optimized. Based on case study results 
and the newly developed model, the optimal asset distribution suggests that 60% of 
assets should be HFO-fueled, while 40% should be LNG-fueled. These ratios were designed 
for shipping lines with a fleet of ten ships. 

A well-diversified and optimized portfolio for maritime fleets can provide a practical 
solution to the third research question of this thesis. The study develops and introduces 
a portfolio concept for maritime fleet management, aligning with environmental 
regulations. While all research findings are based on classical investment and risk theory 
and financial engineering, traditional models alone are insufficient for maritime investment 
decisions.  

Effectively managing abatement investment risks under SECA regulations necessitates 
a dynamic decision-making process that accounts for fuel price volatility, regulatory 
developments, and market behavior. The findings emphasize that adopting an 
option-based deferment strategy that allows shipowners to observe market signals 
before committing to costly abatement technologies enables more informed and 
resilient investment decisions, safeguarding both operational stability and financial 
performance. 

All three research gaps have been addressed, and the findings have been empirically 
validated, ensuring that the research conclusions remain relevant and applicable to both 
science and the business world. 
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4 Conclusion 
It is evident that financial data and the financial challenges faced by companies are 
inherently complex. However, substantial research has been conducted in these areas, 
providing valuable insights that can enhance the financial processes of large corporations. 
Scientific research and operations can drive new developments in the maritime industry 
to foster greater integration and progress. Theories developed by renowned scientists 
such as Marconi, Black, and Scholes have established robust foundations that, when 
leveraged effectively, can significantly contribute to the maritime scientific and industrial 
advancements. 

The shipping industry is rapidly evolving, particularly in its efforts toward greening and 
environmental sustainability. Significant progress has been made in emission control, 
and this trend is likely to extend to other areas, including Sulphur and nitrogen emissions, 
particulate matter, and water quality regulations. Although ongoing debates and 
challenges persist, the high compliance rates with Sulphur control regulations in Baltic 
waters suggest that similar measures could be adopted globally. Shipping companies 
must adhere to stringent environmental laws to avoid hefty fines, necessitating 
substantial investments to comply with new legislation. 

Regrettably, the maritime industry has lagged behind in terms of innovation and 
environmental sustainability, primarily due to low investment in research and 
development (R&D). Addressing this issue requires concerted efforts from governments 
and organizations, particularly in the field of green finance. Rational investment involves 
significant risks, making it crucial for companies to adopt well-defined and optimized 
investment strategies. Incorrect investment decisions can result in substantial financial 
losses. 

New models and enhancements to existing theories, such as MaritimeVaR, CBVaR, 
Maritime Real Options, and Maritime Investment Diversification based on Markowitz 
Portfolio Theory, can improve risk management and investment decision-making. These 
advancements can accelerate the decision-making process for financial experts in the 
shipping industry and beyond. 

4.1 Contributions 
4.1.1 Theoretical contributions 
This thesis makes several key theoretical contributions to the body of knowledge in the 
field of investment risk management, specifically within the maritime sector, and extends 
the literature on sustainable operations and compliance with environmental regulations 
such as SECA and the Global Cap 2020. These contributions include: 
1. Integration of Maritime Economics with Financial Economics (Addresses Gap 1).
This research bridges maritime economics with financial economics by incorporating
post-modern portfolio theory, investment theories, and decision theory, providing a new 
analytical framework that allows maritime companies to better assess investment risks
under market volatility and regulatory pressures. This integration extends the literature
by offering a comprehensive approach to investment decisions in uncertain environments.
2. Novel Models for Risk Management (Addresses Gap 1)
This study introduces Maritime Value at Risk (MaritimeVaR) and Capital Budgeting VaR
(CBVaR), which adapt existing financial risk models to maritime investment scenarios.
By tailoring established risk assessment techniques to fuel price volatility and regulatory
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challenges, these models offer a structured approach to risk measurement and mitigation 
in maritime finance. 
3. Extension of Real Option Theory in Maritime Investments (Addresses Gap 2)
The research extends the use of Real Option Theory (ROT) in maritime investments,
particularly in evaluating abatement technologies and alternative fuels (e.g., scrubbers).
By applying financial market concepts to maritime economics, this study provides a more
adaptable investment framework, allowing decision-makers to account for flexibility in
capital investments when faced with changing regulatory conditions and market
uncertainty.
4. Application of Modern Portfolio Theory in Maritime Finance (Addresses Gap 3)
By adapting Modern Portfolio Theory (MPT) to optimize investments in sustainable
maritime technologies, this research provides a structured risk-balancing framework that 
allows maritime finance professionals to strategically allocate capital across different
investment options, ensuring that systematic and unsystematic risks are simultaneously
managed.

4.1.2 Practical contributions 
The practical contributions of this thesis offer valuable insights and tools that extend 
beyond theoretical advancements, providing actionable outcomes for industry 
stakeholders and further expanding the body of knowledge on sustainable maritime 
investment practices. These contributions include: 
1. Investment and Decision-Making Guidance (Addresses Gap 1 & 2)
This research provides practical investment models for maritime professionals – including
investment managers, asset managers, and CFOs – to enhance investment strategies
and risk management. By integrating quantitative risk analysis with decision-making
frameworks, this research enables real-world applications that help industry
professionals navigate regulatory uncertainties and optimize investment portfolios.
2. Regulatory and Policy Contributions (Addresses Gap 2 & 3)
By extending the literature on investment risk management strategies for pollution
mitigation technologies, this research provides valuable insights for policymakers and
government agencies. It helps shape regulatory frameworks that promote sustainable
shipping technologies while ensuring financial feasibility for shipping companies.
3. Managerial Implications for Strategic Planning (Addresses Gap 3)
This thesis provides top-level management with insights into risk mitigation strategies,
expenditure stability, and long-term investment planning. By offering tools for improving 
strategic decision-making, this research ensures that maritime organizations remain
competitive while complying with environmental regulations.
4. Sustainability and Environmental Impact (Addresses Gap 3)
This research offers actionable insights into how maritime organizations can adopt
cleaner fuels and green technologies to align with global environmental goals. By providing 
data-driven recommendations for sustainability, this study supports both regulatory
compliance and environmental responsibility.

Overall, this thesis not only addresses critical gaps in the body of knowledge but also 
extends the literature in maritime finance, risk management, and sustainability, 
providing practical models and frameworks that can be directly applied to improve 
decision-making in maritime investments under environmental regulations. 



  
 

46 

4.2 Implications 
The models, analyses, and results introduced in this research offer a range of implications 
for both theoretical development and practical application within the maritime industry. 
These implications extend across several domains, including technological innovation, 
regulatory solutions, financial decision-making, environmental sustainability, and public 
policy. The following sections outline the key implications for each of these areas: 
1. Technological and Regulatory Implications 
The newly introduced models and analyses in this thesis provide significant value for the 
acquisition of new technologies and the development of regulatory frameworks. 
Specifically, this research offers potential solutions for decision-making regarding the 
purchase of new or used ships, particularly under conditions of uncertainty and market 
volatility. The integration of post-modern portfolio and investment theories with 
decision theory enhances the ability of maritime stakeholders to navigate complex 
decision environments. This research has the potential to inform regulatory measures 
that promote the adoption of advanced technologies and support sustainable maritime 
operations. 
2. Managerial Implications 
The managerial implications of this research are particularly relevant to top-level 
management within maritime organizations. The insights gained into decision-making 
mechanisms, risk aversion, and expenditure stability offer valuable guidance for 
improving strategic planning and operational efficiency. Senior executives, such as CEOs, 
CFOs, and asset managers, can apply these findings to enhance decision-making 
processes, better manage risks, and maintain financial stability. These improvements 
contribute to the overall competitiveness and sustainability of their organizations in an 
increasingly dynamic and uncertain market environment. 
3. Financial and Investment Implications 
For financial practitioners in the maritime industry, such as investment managers and 
asset managers, the findings of this study provide a detailed analysis of economic 
conditions and technological advancements. This information offers a solid foundation 
for refining investment strategies and risk management practices. The integration of 
financial economics with maritime economics, using post-modern portfolio theory and 
decision theory, enables more informed decision-making under uncertainty. These insights 
are particularly valuable for those involved in the financial management of shipping lines 
and vessel ownership, as they address both current opportunities and future challenges 
in the sector. 
4. Public Sector and Policy Implications 
This research holds substantial relevance for stakeholders in the maritime-related public 
sector, including ministries, municipalities, customs, government departments, and civil 
society organizations. The study’s findings provide critical insights into investment and 
risk management strategies for pollution mitigation technologies, which can significantly 
enhance government efforts to promote cleaner maritime operations. Policymakers 
responsible for environmental protection, transport, and industry can use these findings 
to develop regulatory measures that incentivize or mandate the adoption of sustainable 
technologies. Municipalities managing local waterways and port operations may also 
apply these insights to reduce the environmental impact of shipping activities. 
5. Environmental and Ethical Implications 
The environmental implications of this research are far-reaching, particularly for 
stakeholders focused on reducing pollution and improving air and water quality. 
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Environmental activists, green organizations, and legislators can utilize the findings to 
advocate for stringent environmental standards in maritime operations. The research 
provides solid empirical evidence to support the development of policies that balance 
economic efficiency with environmental sustainability. Additionally, organizations 
concerned with seawater and air quality can use the detailed analysis of the 
environmental impacts of maritime activities to prioritize monitoring efforts and develop 
targeted conservation initiatives. 
6. Academic and Educational Implications
This research contributes significantly to academic discourse and provides a valuable
resource for educational institutions, research agencies, and higher education programs. 
The findings of this thesis can be integrated into curricula focused on maritime studies,
environmental science, and economics, enriching the educational experience and
fostering a deeper understanding of the sector’s challenges. Moreover, this research
offers a comprehensive foundation for future studies that seek to explore the
intersection of financial economics and maritime operations under uncertain conditions.
8. Policy-Making Implications
At the state, local, national, and EU levels, policymakers stand to benefit from the
research’s insights into the financial and economic challenges specific to the maritime
sector. The research highlights vulnerabilities related to market risks and emerging
trends in maritime technology and equipment investment. These insights are critical for
developing regulatory frameworks that support technological innovation while effectively
managing economic risks. By understanding operational impacts and potential
optimization strategies, policymakers can draft more informed and effective regulations
that align with global environmental goals and promote sustainability in maritime
operations.

In sum, the implications of this research extend across multiple domains, offering both 
theoretical advancements and practical solutions for a wide range of stakeholders within 
the maritime industry. The findings not only fill crucial gaps in academic literature 
but also provide actionable insights that can drive significant improvements in 
environmental sustainability, operational efficiency, and strategic decision-making. 
This research serves as a bridge between empirical findings and practical application, 
enhancing the knowledge base for maritime industry stakeholders and contributing to 
more informed decision-making across various levels of governance and management. 

4.3 Study limitations 
There are limitations to this study that must be considered when interpreting the 
findings. 

First, there is a significant gap in historical data for newer fuels, such as LNG. Since 
these fuels have only been in use for a relatively short period, assessing their long-term 
effects and trends remains challenging. This limitation restricts our ability to thoroughly 
analyze long-term changes and impacts. 

Additionally, the study relies on risk models that were originally validated using stock 
market data, where returns are often measured daily or through logarithmic calculations. 
However, applying these models to maritime fuel data may not always yield accurate 
results, as the behavior of fuel data differs significantly from that of stock market data. 

Another major constraint is the limited diversity in the ship samples analyzed. All ships 
studied are similar in size and type, primarily operating within the Baltic Sea Region (BSR). 
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To enhance the validity and applicability of the findings, future studies should include a 
wider variety of ships in terms of size, type, and operational regions. Expanding the 
geographic scope to include areas outside traditional Sulphur Emission Control Areas 
(SECAs) such as the China SECA and Global Cap, would provide a more comprehensive 
perspective and strengthen the study’s conclusions. 

Moreover, data collection posed significant challenges due to market conditions and 
the nature of the shipping and fuel industries. Shipping lines and ports, which often 
operate under monopolistic or oligopolistic conditions, have stringent policies regarding 
the sharing of financial and strategic information, including investment plans and 
budgets. This made it extremely difficult to directly obtain financial data from these large 
organizations. Similarly, companies involved in the production and distribution of ship 
fuel are typically large entities with strict non-disclosure policies regarding financial and 
strategic data. 

Lastly, the decision-making process within these industries is highly centralized, with 
final decisions on purchasing new or used ships typically made by senior management. 
This centralization made it nearly impossible to directly interview individuals from within 
the shipping lines. Furthermore, engaging with these companies required navigating 
multiple layers of authority, which was both time-consuming and, in some cases, 
unfruitful, particularly when attempting to gather specific information about their plans 
to comply with environmental regulations and their commitments to green shipping 
initiatives. 

These challenges collectively limited the ability to obtain the desired depth of 
information, influencing the overall quality of the research. Addressing these issues in 
future studies will be crucial for advancing our understanding of the maritime industrys 
adaptation to environmental and regulatory changes. 

4.4 Future research 
This study lays the groundwork for extensive future research in maritime finance and 
investment, identifying several areas where additional work can enhance and build upon 
the current findings. 

The investment evaluation models traditionally used in this thesis such as Internal 
Rate of Return (IRR), Discounted Cash Flow (DCF), Payback (PB), and Net Present Value 
(NPV) have provided a solid foundation. However, the shipping industry would greatly 
benefit from the development of new standard models. Future research could explore 
and validate alternative methods such as the Profitability Index (PI), Loan-to-Value (LTV) 
ratio, Systematic Investment Plan (SIP), Extended Internal Rate of Return (XIRR), and 
Accounting Rate of Return (ARR). Additionally, decision analysis tools such as decision 
trees and multi-criteria decision-making frameworks can support strategic decisions in 
the complex maritime environment, aligning investment choices with broader 
organizational goals. These methods could provide deeper insights into the feasibility of 
maritime investment projects, which often have unique risk profiles and financial 
dynamics. 

Moreover, while NPV, IRR, and PB are commonly preferred for appraising capital 
investment projects in the shipping industry, there is a growing need to expand these 
models to incorporate advanced analytical techniques. Future models could integrate 
Markov chains, fuzzy logic, Bayesian statistics, Artificial Intelligence (AI), Deep Learning 
(DL), and Machine Learning (ML) approaches to enhance predictions and decision-making 
processes in project valuation, focusing on Net Present Value (NPV), Present Value (PV), 
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Free Cash Flow (FCF), and Discounted Cash Flow (DCF). Advanced probability models, 
such as stochastic modeling, Monte Carlo simulations, and Markov Decision Processes, 
can offer profound ways to assess risks and forecast outcomes under varied market 
conditions. These models can help in understanding and managing the inherent 
uncertainties of maritime investments. 

In addition, there is an urgent need to refine and expand the risk models used in this 
sector. The models discussed in this thesis were based on Value at Risk (VaR) and Modern 
Portfolio Theory (MPT). Future research could further develop these concepts by 
incorporating Marginal Value at Risk (MVaR), Conditional Value at Risk (CVaR), and 
Capital at Risk (CaR) models. These models would provide a more comprehensive 
framework for assessing risk both before and after investments are made, which is crucial 
for managing uncertainties in maritime economics. 

The integration of operations research methods – such as linear and nonlinear 
programming, integer programming, network optimization, dynamic programming, 
and metaheuristic techniques (e.g., genetic algorithms and simulated annealing) – can 
substantially improve logistical efficiency and cost management. For example, linear 
programming can optimize fleet investment allocation and planning, while dynamic 
programming can enhance decision-making processes under uncertainty by breaking 
down complex decisions into simpler, sequential stages. This interdisciplinary approach 
will not only broaden analytical capabilities but also refine strategic decision-making 
processes in maritime finance, paving the way for more resilient and adaptive operations 
in the industry. 

Advanced mathematical theories, including stochastic calculus, game theory, and 
advanced probability models, can provide deeper insights into the complex dynamics of 
maritime investments. For instance, stochastic calculus can help model the random 
behavior of market variables over time, while game theory can analyze strategic 
interactions between different market players, such as shipping companies and fuel 
suppliers. 

Lastly, the evaluation of new fuels stands out as a pivotal area for future research, 
crucial for advancing sustainable practices within the maritime industry. This study has 
focused on three specific types of fuels: LNG, Scrubber + Heavy Fuel Oil (HFO), and 
Low Sulphur Fuel Oil (LSFO). While these fuels represent significant steps toward 
reducing maritime emissions, the evolving landscape of environmental regulations and 
technological advancements calls for a broader exploration of alternative fuels. Future 
research could extend its focus to include a wider variety of renewable and clean fuels, 
such as biofuels, hydrogen, ammonia, and methanol. Each of these fuels presents unique 
benefits and challenges in terms of production, storage, and impact on vessel design, 
all of which must be thoroughly assessed. Comprehensive analyses should examine the 
capital expenditures (CAPEX) involved in retrofitting or building new ships capable of 
utilizing these fuels, as well as the operational expenditures (OPEX) linked to their 
day-to-day use in maritime operations. 

By addressing these areas, future research can significantly contribute to the 
optimization of financial strategies and risk management in the maritime industry, 
ultimately leading to more sustainable and profitable maritime operations. 
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Abstract 

Investment Risk Management in Sustainable Maritime 
Operations 
This thesis looks at how shipping companies can manage their investments while also 
following strict environmental rules. The main motivation behind this research is the 
need for the shipping industry to balance making money with protecting the 
environment. While past studies have looked at either the financial or the environmental 
side of maritime operations, this work brings both together to find the best strategies for 
investment and sustainability. 

The main problem this thesis addresses is how shipping companies can comply with 
sulfur emission control area (SECA) regulations without hurting their financial stability. 
The research aims to identify the best ways for these companies to invest in technologies 
and fuels that meet environmental standards while also being cost-effective. To do this, 
the study uses advanced financial and mathematical methods to analyze risks and make 
informed investment decisions. 

First, the research reviews the SECA regulations and their impact on the shipping 
industry. It then moves on to a detailed risk assessment, using data from case studies, 
historical fuel prices, and expert opinion. The analysis involves creating new models to 
evaluate investment risks and potential returns. 

The results show that the new models can help shipping companies had better 
manage the risks related to environmental regulations. By using a mix of different fuels 
and technologies, companies can reduce their risks and improve their financial 
performance. The study finds that investing in scrubber technology and LNG-fueled ships 
can be both environmentally friendly and financially smart. 

In conclusion, this thesis provides new ways for the shipping industry to handle 
investment risks while meeting environmental standards. The models developed in this 
research offer practical tools for decision-makers in the maritime sector, helping them 
to navigate the challenges of sustainability and profitability. This work not only adds to 
the academic field but also offers real-world solutions for sustainable maritime 
operations. 
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Lühikokkuvõte 

Investeerimisriskide juhtimine jätkusuutlikus 
merendustegevuses 
See doktoritöö uurib, kuidas laevandusettevõtted saavad hallata oma investeeringuid, 
järgides samal ajal rangeid keskkonnareegleid. Uuringu peamine motivatsioon tuleneb 
vajadusest, et laevandussektor leiaks tasakaalu kasumlikkuse ja keskkonnakaitse vahel. 
Varasemad uuringud on keskendunud kas laevanduse finantsilisele või 
keskkonnaaspektile, kuid käesolev töö ühendab mõlemad, et leida parimad strateegiad 
investeeringute ja jätkusuutlikkuse tagamiseks. Töö peamine probleem, mida 
käsitletakse, on see, kuidas laevandusettevõtted saavad järgida väävliheitmete 
kontrolliala (SECA) eeskirju, kahjustamata oma finantsstabiilsust. Uuringu eesmärk on 
tuvastada parimad viisid, kuidas ettevõtted saavad investeerida tehnoloogiatesse ja 
kütustesse, mis vastavad keskkonnastandarditele ja on samal ajal kulutõhusad. Selleks 
kasutatakse uuringus täiustatud finants- ja matemaatilisi meetodeid riskide 
analüüsimiseks ja teadlike investeerimisotsuste tegemiseks. 

Esiteks vaatab uuring üle SECA eeskirjad ja nende mõju laevandussektorile. Seejärel 
viiakse läbi põhjalik riskianalüüs, kasutades juhtumiuuringute andmeid, ajaloolisi 
kütusehindu ja ekspertide hinnanguid. Analüüs hõlmab uute mudelite loomist, et hinnata 
investeerimisriske ja võimalikku tootlust.Tulemused näitavad, et uued mudelid aitavad 
laevandusettevõtetel paremini hallata keskkonnareeglitega seotud riske. Erinevate 
kütuste ja tehnoloogiate kombinatsiooni kasutades saavad ettevõtted vähendada riske 
ja parandada oma finantstulemusi. Uuringust selgub, et investeerimine 
puhastusseadmetesse ja veeldatud maagaasil (LNG) töötavatesse laevadesse võib olla nii 
keskkonnasõbralik kui ka finantsiliselt mõistlik. Kokkuvõttes pakub see doktoritöö uusi 
lahendusi laevandussektori investeerimisriskide käsitlemiseks keskkonnastandardite 
järgimise kõrval. Uuringus välja töötatud mudelid pakuvad praktilisi tööriistu 
merendussektori otsustajatele, aidates neil toime tulla jätkusuutlikkuse ja kasumlikkuse 
väljakutsetega. See töö mitte ainult ei lisa väärtust akadeemilisele valdkonnale, vaid 
pakub ka reaalseid lahendusi jätkusuutlikele merendusoperatsioonidele. 
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Publication I 
Atari, S. (2021). Sustainable maritime fleet management in the context of global sulphur 
cap 2020, Transport and Telecommunication Journal, Volume 19, Issue 1, 53–66. DOI: 
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�	����@	�/�	�
��==��	������	4��	�/�	0DA	
��
���	��	�	��F����	
��
���	�/��	
��	=�	���@���
	��	5���
	
�����
��F�	������
��	��	�/�	��������	��
���	=�
����	��	��	���
��
�=��	��
	�44���	�	4���/	������
��F�	��	����F�����	��	��	�������=��	��F��������	��
/	��	�/�	��������	��
����	�/�	������
�	�����@�����	3���	@��������	�/�	4����3��@H		k�l	m2?	���������	��
�
�����	k=l	m
��==��	������������	
����	��F��@��		k
l	n��o	�����4��	��	4���	���
�
��	��
/	��	��F�������	���o��	��
/��
��	���o��	���o��	���o��	��
	+"#)�#8*��"	# �p�q	("*: �$	��(�	rrs"#�	# �p�tt	%�	%&"	�& +	�,�"#�;		k
l	u�=�	
��������		k�l	v�3���
	�����������	
����	4��	�/�	�/��	�3���	�/��	����3�	�/�	�/���3���	��	4�
��	��	�/�����@	�
��F������	3/�
/	��	��������������	k�/��	/����	�/��	��	����F�	����@5	�44�
���
5	�����	4���	
�5	��	
�5	����������l�		k4l	w���	��
/����@5	��
	�?����	�������	4��	�/�	�/��	�3�����		k@l	C�������	�	/�@/��	���@��	4��	=��/	
���������		k/l	A��������
	
�����
���		�/�	0DA	
��
���	=����	���5	�
F����@��	4��	4���	���
�
���	��	3���	��	4��	�/��	�3����	=�
����	��	����3�	4���	���
�
���	��	
�������	���
�
��@	�/���	���
�������	���
�
�	3/�����	�/�	�/���3���	@����	�	
��������F�	�
F����@�	
��	��	��3��	����@5	
����	��	�/�����@	3/�
/	@��������	�

�������	���@��	��	�/�	���������	
�����������	x���	�/�	0DA	
��
���	���F��	����	�/�	y�������	�4	3/��/��	�/�	
������	
�����/���������	��	4���	���
�
��z�	�����	��	����	4�F����=��	��	�/�	
�
���������
	
�����/���������	�/���@/	�/�	�
��==��	��	�	�/��	4���	��	�
���@�
��	��	�
�����
��	F��3������	�/�	4����
���	�
F����@�	�4	�/�	�
��==��	������
/	��	���	�
���=����5�	3/�
/	��o��	����	�

����	�/�	
��
�=����5	���������	��	�/�	��������	��
����	{|	}~������~�		A�������
�	3��/	mDAB	��@�������	��	������
	��	��F�������	
�
������	4��	�/��	�3����	��	3���	��	4��	��������	4���	���
�
����	G�	�/�	
���	�4	�	�
��==��	�������������	�/�	�����>��>n��o	��
��	��	�=��	��	
����������	�/�	���o�	����
����
	3��/	�/�	�
��==��	��
��
��@	
/��@��	��	��5=�
o	�����	�/���@/	�/�	�
��==��	��
/����@5�	�	��F�@�����	
��	=�	���	��	����@���	��	��
�
�	�/�	�
�����
	�44�
�	�4	�/�	mDAB	��@�������	��	�/��	�3����	��	��������	4���	���
�
���	3/�	
�	���	/�F�	�/�	
���
��5	��	�/�	3���	��	��F���	��	��4����5	��@��
��			�/�	������
/	4���/��	
��
����
	�/�	
��
���	�4	�	0�������	D���@5	A�����
�	��	�	
5����
	���o��	����������	��	
���F��	��������	��
�
����	��
	��	@�������	
��������F�	�
F����@��	4��	�/�	�/���3���	��
	�/�	4���	
�����5�	B��/���	��
�@����
	�/�	0DA	��	�	
�
���������
	���/�
	�4	�/�	mDAB	��@�������	



���������	��
	����
������
�����	 ����	���	���	��	����	

��	


�������
�	���	���	����	���
�
���	���	����������	���	����	��	���
	�	���	��	����	��������	�� ��
�	����������	��	���	��� 	�����	!��	����
	���
	��	!�	����
����	��	���	�����	����	�����	����	����	���	���	�����������	����	��	
�����	��	�	��
�	�� ���	�����������		"���	�����
�!��	������
��	��������	���	#$%	��
��	���
�	���	!���	����
	����	�	��� 	�����
	��
	��	
��������	
��������	
��	�����
�	���	��������	��
���	!�	����
���� 	���	���������	��	���	��������	��������
���	��	���� 	���	�
��!!��	��
����� �	��	&'()*+*,-	../,/'-0	1(234*(,1556	78*1	9:0;	:	��������!��	�������	��
���	��	���	��������	��
���	����	���� �	��
	�
���	�	��
�<
�����
	��
����� �<����<����
�	���	���	#=�	���	����������	��	���	���
�	!��
���	�����
	���� 	����	>?@ABC@	�����
	�
������	�������	��
��
�� 	�����	����
��	��	������	���
�	
��	!�	��	���������� 	�� ��	���	�������	������
��	�����	
��	!�	�	
����������	���
�	��	���	��D	���	���	EFC�	���������	��������	%FC	��
	�����	�����	��	����	��	���	������
�����	��
����� ���	���
	��	�����
�	�	�������
	��������	!���	���	���	��������	��
����				GHIJKLMNOPNQNJRS	����	����	��	�����
	��	���	#���$�B	T	#������������	U���
�	��	E��	#�������	$������ V	B�����������	��
	B�
����� 	$����� ���	���W�
�	��������
	!�	���	#�������	D� �����	X����������	?��
�	YNZN[NJHNS	��	\!�
���	E�	B��	C��
��
����	F�	��
	C������ ��	U�	]���̂_	\
����� 	���	������� 	��
���	��	����
���	���������	�� ��������V	?���	����
��� 	��	��������� 	�	�
��!!��̀	abcdefgbhchigd	jkekcblm	ncbh	op	abcdefgbh	cdq	rdsibgdtkdh�	û�	����v̂<�u��		��	\
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	253BAccording to BSR findings after 2015 (i.e., Rotoli et al., 2020; Prause & Olaniyi, 2019), the drop in fuel prices has lessened the economic impact of SECA regulations, prompting many shipowners to delay their investment decisions. While postponing the adoption of emission reduction technologies may have lowered the cost of SECA compliance, it did not however improve shipowners’ competitive standing. Therefore, new policy instruments are required to promote innovation, enhance competitiveness, and meet the environmental regulations. Although managing fuel price fluctuations and offering more affordable maritime logistics services would have been simpler, maritime stakeholders must develop smart strategies to secure long-term sustainable advantages (Hassellöv, 2023). Due to the complex and capital-intensive nature of maritime projects, specialized pre-investment analysis and risk assessments are obligatory for safeguarding the success of these initiatives while also learning innovative ways to comply with such laws in the face of possible additional regulatory laws to ensure a reduction in compliance costs (Prause et al., 2023).
	254BYet, despite the clear economic implications of environmental regulations such as SECA and the 2020 Global Sulphur Cap, there is a notable lack of quantitative academic research focusing on maritime finance and economics, particularly in addressing these stringent regulations. In 2021, Bai et al. performed an extensive examination of more than 3,000 articles published in the last twenty years, with a primary emphasis on maritime transport. Their research shows significant focus of most studies on port management, container operations, and liner shipping management, with relatively limited investigations into the more recent regulatory influences.
	255BThe author of this thesis, like many other researchers believes that the study of maritime economic and financial affairs is inherently interdisciplinary. Conducting such research requires the collection of extensive information on finance, maritime industry practices, environmental factors, and emerging technologies, followed by a comprehensive analysis of associated risks (Mızrak, 2024). By understanding these risks, investors can implement strategies to mitigate potential downsides and enhance the likelihood of a successful investment decision (Jeffers et al., 2024). However, conventional quantitative research methods popular in business management are insufficient to address the complexities of the risks associated with the maritime industry (Prause et al., 2023). Most financial assessments of investment decisions lack the depth in responding to changing conditions such as fuel price fluctuations or regulatory compliance associated with the shipping industry, which invariably increases the risk rate of large investments (Savchuk, 2023). Many do not take into consideration these factors and many others that influence the shipping and bunker fuel industries, both directly and indirectly, in their evaluations. Thus, a significant gap in traditional methodologies that can tackle investment risk is evident within the industry. This represents the first gap (Research Gap 1) identified in the context of this research.
	256BA further comprehensive review of the current financial literature reveals a predominant focus on mostly capital markets, primarily addressing investment strategies and associated risks related to intangible assets such as intellectual property valuation, market valuation, and brand valuation, etc. (Meira, 2023; Salamah, 2023). Many of these analyses rely heavily on secondary information about financial markets. This represents a significant gap when considering other critical aspects and strategic factors related to investing in physical assets, particularly managerial flexibility in the context of abatement technologies for maritime regulatory compliance. This might arguably be largely because  regulatory instruments for green shipping and sustainability can be considered relatively new and still in their growth phase (Dzwigol, 2023). However, in their work, Cao et al. (2024) argue that topics such as capital budgeting and investment appraisal, which are crucial for evaluating investments and the procurement of assets like ships, trucks, and aircraft, have received less attention in literature regardless of the timeline. Moreover, most of the investment evaluations usually assume an immediate project start and continuous operation when there are predictable cash flows until the end of the investment lifetime, which does not allow for a flexible evaluation approach (Zhang & Yin, 2023). This lapse highlights the second gap (Research Gap 2) identified by the author. By using abatement technologies, this work will attempt to explore effective and strategic evaluations of investment in capital projects in the maritime sector using key investment factors.
	257BAlso concerning is the fact that the volume of publications focusing on maritime economics in the context of green shipping and sustainable transportation has been strikingly limited. Despite the growing global urgency to address environmental challenges within the maritime sector, academic and industry, research has not kept pace, leaving significant gaps in knowledge and innovation. Many studies in the shipping industry focus mostly on discussions that revolve around freight rates, engineering components, and maritime economics (Alexandridis et al., 2018). There is still a notable gap in the literature regarding the economic impact of greening efforts on the sector. Discussing the “challenges of green innovation,” Nordhaus (2024) inferred that this lack of comprehensive, forward-looking studies on the economic implications of greener shipping hinders the development of effective strategies to meet environmental goals while maintaining economic viability in the industry.
	258BCritical to this study is risk management, which is very important to the current shipping industry, where managers must balance the financial risks associated with environmental regulation compliance and operating different types of ships or routes against potential returns. For example, they must figure out how investing in abatement technologies (like scrubbers), which involve upfront costs, can result in long-term savings and regulatory compliance benefits.
	259BSo far, shipping companies face both external risks (e.g., fuel price volatility, regulatory changes) and internal risks (e.g., maintenance and crew management), and the investment decisions that include selecting these influencing factors remain complex and challenging when determining the most effective emission reduction solution (like abatement technology) for green and sustainable shipping (Meng & Shaikh, 2023). Reasoning within the context of this study, and from an economic standpoint, while conventional solutions have been frequently explored, the introduction of the Global Sulphur Cap 2020 presents a significant economic challenge for fleets worldwide. It has become important to identify the most effective strategy optimization models for the best mix of investments that offer the highest returns for the least risk (Zhou et al., 2023).
	260BTo effectively tackle risks associated with both external and internal factors, it is essential to use a risk assessment methodology similar to those employed in managing portfolios in financial markets. However, the existing research highlights a notable deficiency in the application of these financial theories to investments in marine fleets. Thus, the third gap (Research Gap 3) identified in this study centers on the lack of comprehensive frameworks for optimal investment management to address the systematic risks (global fleet and external) and unsystematic risks (specific to individual ships) to mitigate the risk associated with maritime environmental regulations such as the SECA and Global Sulphur Cap 2020. This critical area remains largely underexplored, leaving a significant void in the literature on how to navigate these regulatory challenges effectively.
	261BHence, taking a step beyond the evaluation of investment in capital projects in maritime, this study further addresses the management and diversification of risk across interconnected vessels while concurrently enabling the construction and optimization of a strategic investment portfolio tailored to the dynamic nature of SECA and Global Sulphur Cap 2020.
	262BAccordingly, central to this thesis is the objective of clarifying the financial implications, associated risks, and strategic considerations that maritime companies must successfully navigate within the scope of environmental regulations, such as the Sulphur Cap. In doing so, this research addresses a significant gap in both academic discourse and practical application within the fields of Business Administration and Management.
	263BConsidering the vital role of the shipping industry in global trade, accounting for more than 80% of global trade (Wang et al., 2021), this PhD research, which explores how strict environmental regulations, such as the Sulphur Emission Control Areas (SECA) influence strategic decision-making processes within the marine sector – particularly in financial terms – is both important and timely. This research focuses on understanding the extent to which environmental regulations affect how maritime businesses plan, adapt, and make long-term decisions to comply with these standards while maintaining operational efficiency and profitability. This focus is crucial, as it drives maritime companies to align their operations with environmental requirements without compromising their economic sustainability, underscoring the importance of comprehensive strategic planning in response to environmental regulations. This emphasis places the research at the forefront of the debate on sustainable maritime business practices.
	264BThe objective has led to the development of novel mathematical models and the application of diverse statistical and probability-based financial instruments to advance scientific progress through substantial investment innovations. These innovations address regulatory investments in abatement technologies for compliance. The study further fills the three identified gaps by integrating real-life scenarios into the analysis, thereby enhancing the relevance and practicality of the research in tackling current challenges in the shipping industry. 
	265BIn alignment with the study’s objective and the three identified gaps, the author explores pivotal research questions concerning the financial optimization and impact of SECA compliance strategies and their integration into broader business strategies to enhance performance. Consequently, this thesis aims to address the following research questions (RQ1–3):
	87BRQ1: What key factors can effectively reduce the risk of maritime investments, and how to apply them effectively?
	88BRQ2: How can investment in marine abatement technology be more effectively evaluated using key influencing factors?
	89BRQ3: How can the risks of abatement investments in maritime fleets be most effectively managed in light of SECA regulations?
	90BThese critical questions relates to the risks and evaluation of maritime investments, particularly in the context of sustainable shipping and emission control.
	91BThe first research question (RQ1) focuses on how the risks of maritime investments can be reduced and the key factors influencing this process. This RQ is addressed using an approach to risk management inspired by the conventional method of Value at Risk (VaR). As Alexandridis et al. (2009) pointed out, the use of the Value at Risk (VaR) method will increase investor confidence and enhanced risk management practices in the financial industry. Articles III and IV (Olaniyi et al., 2018, and Atari & Prause, 2018) address this question. Atari & Prause (2018) explore the risk assessment of emission abatement technologies, offering a framework for managing these risks in maritime operations. Meanwhile, Olaniyi et al. (2018) develop a maritime energy-contracting model, an investment tool designed to minimize investment and operational costs, as well as risks, during the implementation of abatement technologies and the adoption of new ships with cleaner fuels. Both studies concentrate on how to make better investment decisions, how and where these changes occur and the potential consequences of these actions to offer new insights for the maritime industry. The results integrate a novel business model and feedback from maritime stakeholders to optimize investments and risks, supporting sustainable, clean shipping.
	92BThe second research question (RQ2) investigates how investments in marine abatement technology can be more effectively evaluated, based on critical factors such as asset type, costing and financing, maintenance and operating costs, depreciation, and other economic conditions. The author adopts an advanced Real Option Theory model (ROT), a refined version of traditional option theory, to precisely analyze investment demands in the marine sector. This approach is informed by an extensive review of relevant literature and detailed consultations with experts from both the maritime and financial industries. Additionally, the author used the ROT method to adeptly integrate traditional financial evaluation methods like the net present value (NPV), return on equity, internal rate of return (IRR), and payback time calculations. This integration facilitates a more comprehensive evaluation of project expenditures, providing managerial flexibility. This topic is covered in Article II (Atari et al., 2019), which applies a real options analysis to abatement investments for Sulphur emission control compliance. While conventional financial instruments like bonds, stocks, futures, derivatives, and options are widely used in the financial industry for risk assessment, management, and investment evaluation, this work blends classical models with investments in capital-intensive physical assets, developing new models to better address investment evaluation in this context.
	93BBy focusing on operational problem management and optimizing green initiatives, while considering both controllable and uncontrollable variables in the maritime sector, the third research question (RQ3) explores how to effectively manage the risks associated with abatement investments in maritime fleets, particularly under SECA regulations. This thesis addresses this RQ by adapting the Portfolio Theory and diversification (1968, 1976) methods to optimize investment risks associated with different fuel types used by ships. This strategic approach facilitates the creation of a diversified investment portfolio tailored specifically to the unique risks inherent in various maritime fuels. In risk diversification, fleet management helps to balance between risk and return by constructing a portfolio that maximizes returns for a given level of risk (Morchio et al., 2024). Shipping companies typically manage multiple ships to expand their fleet, increase revenue, and meet customer and industry demands and as a result, their marine investment decisions impact a broader set of assets that includes the entire fleet (Stopford, 2008). This research question, therefore, helps in the diversification of risks across various assets while simultaneously constructing and optimizing an investment portfolio for shipping companies. Articles II–IV provide a comprehensive understanding of maritime investment risks and the strategies needed for effective risk mitigation and evaluation; however, Article I (Atari, 2021) specifically focuses on sustainable maritime fleet management in response to the Global Sulphur Cap 2020. This extension not only deepens our understanding of maritime economics and finance, but also paves the way for new model creation and applications in future research in the field.
	266BThe articles are interconnected through a common goal of mitigating investment risks while ensuring compliance with environmental. Each paper addresses different aspects of risk – ranging from risk identification (Articles III and IV) to a more sophisticated risk evaluation (Article II with real options theory) and comprehensive risk diversification across fleets (Article I).
	267BAs shown in Table 1, the articles progressively elaborate on the research, beginning with the identification and framing of the investment risk problem in maritime finance, particularly the challenges associated with SECA and Global Cap 2020 compliance. The research first explores key factors influencing risk reduction in maritime investments, addressing uncertainties in fuel price volatility, regulatory shifts, and abatement technology adoption. It then advances to the development of innovative evaluation models, integrating real options analysis and capital budgeting techniques to enhance investment decision-making for marine abatement technologies. Finally, these models are incorporated into a structured, portfolio-based risk management framework, optimizing fleet investment strategies by balancing systematic and unsystematic risks under evolving environmental regulations.
	268BTable 1. Overview of Gaps, RQs and Articles.  
	269BSource: Author’s compilation.
	270BConsequently, this thesis with the goal to provide more practical and reliable methods for assessing shipping investments, particularly under market volatility, and to advance the evaluation of maritime innovation projects proposes the development of innovative models and methods designed to enhance the understanding and management of investment risks within the framework of strict environmental regulations. The research achieved significant progress in the field of investment risk management for sustainable marine operations. The new models developed aim to integrate theoretical constructs and empirical evidence, providing a comprehensive framework that addresses the complex dynamics of adaptation and economic sustainability in the maritime industry, with a focus on abatement technology.
	271BIn presenting a comprehensive framework that blends environmental compliance with strategic investment decision-making in the maritime sector, the study combines essential aspects such as financial risk assessment, strategic planning, and environmental stewardship. This integration not only broadens the scope of the discipline but also offers crucial insights for maritime industry professionals, helping them effectively manage the complexities of environmental regulations. Lastly, situated within the larger context of strategic management during regulatory uncertainty, the thesis significantly advances academic scholarship and offers a practical guide for sustainable business practices in the maritime industry.
	272BThe thesis structure continues with an exploration of the history and impact of SECA, the Global Cap, and other pertinent regulations and abatement technologies in the first chapter. This chapter further focuses on maritime economics, particularly the significance of bunker fuel prices, related financial issues, and the assessment of the economic implications of new environmental regulations, innovative green shipping initiatives, and investment risk considerations. A comprehensive review of the research gap, objectives, and methodologies sets the stage for a detailed analysis and discussion of the findings. The results highlight the viability of the proposed models, offering sustainable investment strategies that transcend traditional return-risk considerations. The thesis concludes with a summary of key insights, implications for the maritime industry, and suggestions for future research, marking a significant advancement in the pursuit of environmentally and economically sustainable maritime operations. 
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	273BThe reduction of SOx is addressed in Regulation 14 of MARPOL Annex VI (Seddiek & Elgohary, 2014) and the emission criteria are related to the sulphur content in fuels. The global sulphur content cap in fuels was set at < 3.5 percent from 2012 and later reduced to < 0.5 percent from 2020 (DNV, 2018). However, for SECA, it was < 1 percent from 2010 in SOx Pollution Control Areas and further reduced to below 0.1 percent from 2015 (Trozzi, 2010). One can say that the SECA law is perhaps one of the most influential environmental regulations related to shipping and has arguably been discussed more than any other topic in shipping over the past ten years (Makkonen & Repka, 2016). Similarly, this same SECA law has had many practical implications for shipping (Blank, 2011).
	274BMany countries’ economies rely heavily on the shipping industry, making regulatory changes within the sector a subject of extensive research. The legislated sulphur cap introduced between 2005 and 2020 has been widely studied. Some studies focus on examining the best ways for shipping companies to comply with emission regulations, coming up with different options for dealing with emissions issues, as well as economic cost-benefit assessments (see Bengtsson et al., 2011; Lindstad et al., 2015; Olaniyi et al., 2018). While some like the post-SECA studies evaluate the decisions of stakeholders. In particular, economic research on SECA has considered broader consequences of the SECA law; see, for example, Lähteenmäki-Uutela et al. (2017) and Olaniyi et al. (2017). Difficult decisions must be made to ensure compliance which is not a straightforward process, as many calculations are required regarding current and future fuel prices and company budgets. Below, the most favorable solutions identified between 2005 and 2015 regarding SECA regulations and compliance with the new sulphur emission rules are presented.
	94B/
	164BFigure 1. Major SECA compliance solutions. 
	165BSource: Author’s compilation.  
	275BHämäläinen & Inkinen’s (2019) research revealed that SECA had a greater influence than the industry expected, indirectly affecting a range of shipping activities, including bulk cargo, freight transportation, and the bunker fuel market. Although possible solutions are limited and typically come with high risks, the optimal solution is determined by the ship type and shipping lines as there is no single definitive answer for all cases. Each ship, depending on its lifetime, sailing distance, and speed, may have specific investment capabilities and potential (Atari & Prause, 2017). In the decision-making process, the strategic direction and future planning for a full business cycle are primarily taken into account.
	276BHowever, discussions have emerged about various new fuels, fuel management, fuel economy, and several studies on the current state of LNG, scrubbers, and high-sulphur fuel use after SECA regulation. The debates are gradually moving away from SECA, and discussions surrounding the Global Cap 2020 have become even more intense than those on SECA. Solutions have not changed significantly from SECA to Global Cap 2020, so shipowners are still dealing with the same possible solutions (Olaniyi & Prause, 2021). However, some of the new fuels and solutions discussed in the industry are making serious strides into the market.
	277BAfter the full implementation of SECA, fuel prices fluctuated as fuel demand changed. These fluctuations led to increased attention on new fuels, therefore, Holmgren et al. (2014) examined fuel management outcomes and proposed a new model for alternative fuels compatible with the work process in Northern Europe. Like Holmgren et al., since the SECA regulation, industry experts have paid more attention to alternative solutions beyond the three most popular ones. In any case, restrictions have led to the growing use of emerging fuels in the industry. Key issues in promoting alternative fuels in marine transportation include increasing the price competitiveness of marine-grade fuels by reducing manufacturing costs, providing tax cuts, exemptions, and government support (Kesieme et al., 2019). 
	95BObtaining and installing scrubbers was observed during and before the implementation of SECA. However, it has been difficult to established a clear investment strategy for scrubbers even though the technical and environmental aspects of scrubbers have been examined extensively (Olaniyi et al., 2018). In fact, it is difficult to find the right scrubber for ships at the right operational price. As Jiang et al. (2014) point out, retrofitting an existing ship generally costs more than installing a scrubber on a new ship, requiring a shorter payback period for the investment to be viable. Furthermore, they stress that installing scrubbers is not cost-effective if a ship’s remaining lifespan is short. This is why the benefits of scrubbers highly depend on the price difference between the fuels used. For example, the payback time depends on the price spread between high-sulphur fuel and low-sulphur or ultra-low-sulphur fuel (Panasiuk & Turkina, 2015; Zhu et al., 2020).
	278BAlthough the use of scrubbers has tremendous potential for major social and environmental benefits, as they can reduce SOx emissions by at least 95% and particulate matter (PM) by at least 60%, there are limitations regarding their use in the waters of some countries, which adds to the difficulties beyond IMO regulations (IMO, 2016). Many countries have released the most recent ship emission management documents, banning ships from discharging wastewater and burning residue from open-loop scrubbers along their coastal and river ECAs. Ships are required to record the particulars of wastewater and residue disposal (Honniball, 2019).
	279BMany studies show that after the SECA regulation, most shipowners switched from HFO to LSFO or ULSFO and preferred these fuels over others (Zhu et al., 2020). LSFO has always been costlier than any other available fuel on the market. The use of this fuel is favorable for shipowners when the price spread between LSFO and HFO narrows (Atari & Prause, 2018). When the price spread is low, using a scrubber is not rational, as it will not generate much revenue (Olaniyi, 2017). Figure 2 shows the historical prices of different fuels.
	96B/
	166BFigure 2. Historical bunker fuel price. 
	167BSource: Current price development oil and gas, DNV GL (2019).
	280BPrice values are calculated based on mm/BTU. In LNG, liquefaction costs need to be added if it is not in the EU market (DNV GL, 2019). The prices of liquefaction and natural gas do not differ significantly in the EU. However, a more serious concern is whether future prices are predictable, whether a similar correlation will exist in the future, and whether the variance or covariance of the current data will remain similar. These are all questions that may arise in the minds of researchers and economic analysts at the initial stage of data analysis.
	281BOne possibility is that the price of most oil derivatives is derived from the price of crude oil (Alizadeh et al., 2004), thereby establishing a historical price correlation between different fuels. Even in the international market, gas pricing was traditionally determined through a formula based on crude oil values. Many scholars have been surprisingly inattentive to analyzing bunker prices.
	97BOver the last two decades, the world GDP increased by approximately 73%, compared to a 112% increase in sea trade over the same period (Low et al., 1998). Maritime economics encompasses industries such as shipping, fishing, ports and infrastructure, offshore wind, and marine biotechnology. It is also a natural asset and ecosystem, whether for fish, shipping lanes, or carbon dioxide absorption. The total contribution to the global economy was valued at 1.5 trillion USD, and the industry created more than 31 million jobs by 2010 (Soares & Santos, 2018). The contribution of the entire industry to the northern European economy has exceeded 160 billion euros (Statista, 2020). In 2019, around 53,000 merchant ships traded globally. Of these, 12,290 ships were sailing in the European SECA (about 23% of the world fleet), according to the Statista Research Department (2020). 
	      98BThe SECA regulation has had a significant impact on several macroeconomic factors, most notably oil and ship bunker fuel prices (Olaniyi & Prause, 2019). Since maritime transport is a capital-intensive industry (Atari & Prause, 2017), a sudden increase or decline in prices may have a significant impact on investment decisions. Investments in new ferry ships with a capacity of 2,500 passengers require more than 200 million euros (in 2020). Typically, ships are built in Chinese, Korean, or Bangladeshi shipyards, and engines are supplied by one of the European conglomerate engine designers and manufacturers (Atari et al., 2019).
	99BMaritime business activities involve a mixture of risks. Risk is typically defined as the uncertainty of results, and the best way to evaluate it in terms of probability distribution is to analyze historical risk events (Jorion, 2007).  For convenience, this work distinguishes between different categories of risk: market risk, credit risk, liquidity risk, etc. Risk itself is the probability that an event with significant unknown impact will occur in the future (Atari, 2021). A standard risk assessment and management framework may include the following four phases: recognition, evaluation, administration (mitigation and risk decision-making), and monitoring (Al-Thani & Merna, 2005).
	282BAlthough the shipping industry has always been considered one of the most volatile industries, most risk management frameworks in the maritime sector have focused on freight rates (Alizadeh, 2013). Contrary to the focus of existing literature, shipping risk is not limited to freight rates but also includes the high volatility of important cost categories. Stopford (2008) differentiates between five categories of shipping costs: operating costs, voyage costs, cargo handling, capital costs, and maintenance costs. In capital budgeting, these cost categories can be classified into costs that stem from investment in equipment, including tentative abatement technologies (CAPEX), and those that represent costs for running the vessel (OPEX). Since CAPEX represents the initial investment costs in the vessel’s hardware, the related shipping cost category is capital cost, which primarily includes interest and depreciation. OPEX comprises the costs of operating the vessel, including operating costs, voyage costs, cargo handling, and maintenance costs.
	283BAs Stopford (2008) pointed out, the main economic parameters affecting CAPEX and OPEX in the shipping sector are fuel prices (f), interest rates (i), maintenance costs (m), and other costs (o), leading to the following equation for the running cost (RC) of a vessel:
	100BRC=RC (CAPEX, Opex) = RC (f,i,m,o).
	284BThere are major shortcomings in the existing literature on risk management (both CAPEX and OPEX risk) in the context of ship finance and investment (Alexandridis et al., 2018). Fluctuating raw material prices can have a profound effect on corporations’ cash flows and earnings. The undesirability of volatility gives businesses an opportunity to collect advanced information on market fluctuations and monitor their exposure to price volatility (Kavussanos & Visvikis, 2016).
	285BThe risk of fuel rate instability has a direct impact on a ship’s operating costs (Atari & Prause, 2017). Most importantly, historically, bunker fuel has accounted for about 50% of a vessel’s total cost (Stopford, 2002). For a ship whose operational costs are heavily dependent on fuel, studies have shown that this percentage might decrease to 40% or sometimes rise to 60% of the running operating costs (Hämäläinen & Inkinen, 2018; Notteboom, 2011). The high volatility in bunker fuel prices makes predicting operational costs challenging (Atari et al., 2019; Atari & Prause, 2017). While fluctuations in other operating costs are more or less predictable, bunker costs continuously rise and fall in an unforeseeable manner. As a result, achieving proper risk control and maintaining a healthy cash flow status makes bunker costs the single most important variable to manage (Harwood, 2006). This represents a dangerous pitfall that may diminish potential operational profits during good times (Giovannini & Psaraftis, 2019).
	286BAs a result, the emphasis of this research is on investigating the risk evaluation of fuel prices in abatement technology investments, which already presents a difficult challenge when considering the nominal lifespan of ships, typically around 20 years. In the case of risk management for marine abatement investments, the spread – i.e., the price differential between several fuel types – is at the center of attention, so all investments must be compared to alternative investments using different fuel types.
	287BParties involved in this business – shipowners, charterers, and cargo owners – constantly face substantial operational, business, financial, and market risks. Apart from frequent changes in freight rates and vessel prices, fluctuations in operating costs also contribute to shipping viability (Syriopoulos, 2010). The major risk of purchasing equipment related to SECA is the market risk of raw materials. Shipowners will therefore benefit from protection against fluctuating bunker fuel prices (Alizadeh & Nomikos, 2009). This thesis will not delve deeply into the effects of rising and falling fuel prices or study their causes. Instead, it will focus solely on the effects of SECA and Global Cap 2020, which have naturally had a significant impact on fuel prices.
	288BIn general, standard finance theory is developed to provide mathematically sophisticated explanations for financial questions that, when posed in real life, are often complicated by imprecise and inelegant conditions (Pompian, 2012). Therefore, to control and manage business and market risk as a subset of investment risk, the concept of Value at Risk (VaR) is used, which is one of the most widely used risk measures. VaR assessment has been widely accepted since the 1990s. It was first introduced by JP Morgan and later refined by the RiskMetrics Group in their risk management software (Marshall & Siegel, 1996). VaR indicates the likelihood of losses at a high level, specifying that over a holding period, losses will exceed a pre-specified threshold depending on the confidence level (Atari & Prause, 2018). To link classical VaR with Maritime VaR and thereby create a new model, the following steps were taken:
	 188BThe period determination,
	 189BThe Gaussian bunker fuel distribution test = Yes or No, 
	 190BThe Gaussian spread values of bunker fuels distribution test = Yes or No, 
	 191BThe Gaussian income value distribution test = Yes or No, 
	 192BIf yes, then the historical MaritimeVaR could be created, 
	 193BMaritimeVaR = Confidence interval (CI) of bunker fuel or PV of asset return, 
	 194BMaritimeVaR = CI, Bunker fuel can reveal the greatest likelihood of profit or loss.
	289BIn the mentioned process, classical VaR is first transformed into Capital Budgeting VaR (CBVaR). Looking into past research related to capital budgeting and VaR, a previous study by Ye & Tiong (2000) failed to address future cash flow or probability density, as the new NPV-at-risk model was designed based on BOT infrastructure projects, where cash flow might not depend on variable costs. Linsmeier & Pearson (2000) draw attention to Cash Flow at Risk (CFaR) and reconsider the need for CFaR as potentially more sophisticated than VaR. Although CFaR is conceptually similar to VaR, estimating the risk of loss in cash flows generated by a random variable in a Monte Carlo model can be more complex than estimating VaR. To some extent, these difficulties are mitigated by the fact that the model of financial market factors can be relatively crude, as there is no point in refining it beyond the precision of the operating cash flow model. Nonetheless, developing a CFaR measurement system is likely to be a significant undertaking.
	290BTo calculate cash flow, expenditure, or confidence levels of the dataset, the random variable represents C, given an asset or portfolio f(C), the probability density function dC, and CI as the confidence level. Finally, the probability of yielding less than C* is expressed as follows. The following model does not follow a Gaussian distribution:
	101BProb [C< C*] = −∞𝐶∗𝑓𝐶𝑑𝐶=1−𝐶𝐼
	291BAfter transforming VaR into CBVaR, it is time to shift to MaritimeVaR. For MaritimeVaR validation, the work examined quantum data over a recent five-year period to observe the distribution of bunker fuel prices. This allows for the use of parametric and non-parametric VaR methods. The normality test follows the composite hypothesis assumed by Yap & Sim (2011) in data evaluation:
	102BH0 = f (x, Ɵ) ∈N (𝜇, 𝜎2 ) against H1: f (x,Ɵ) ∉N (𝜇, 𝜎2 )
	292BThis hypothesis is formulated based on normality testing, and the null hypothesis is rejected when appropriate. To test the normality of historical prices, the first test employed is that developed by Shapiro and Wilk (1965). The test is based on the G (Gaussian) statistic:
	103BG=[𝑖=1𝑛𝑎𝑖  𝐶𝑛−𝑖+1−𝐶𝑖 ]2𝑖=1𝑛 𝐶𝑖−𝑐 2
	293BWhere Cn​ represents the ordered values of cash flows and ai are the given constants. Normality is rejected for small values of G. The fuel spread or OPEX is given by:
	294BCi = C1+C2+C3+...+Cn, where C1<C2<C3<...<Cn. The Kolmogorov-Smirnov test (Lilliefors, 1967; Dodge, 2008) is used as a second test of normality, justifying the choice of VaR methodology. In theory, the Kolmogorov–Smirnov statistic for testing normality belongs to the subcategory of goodness-of-fit statistics, specifically EDF (Empirical Distribution Function) statistics, which compare the population cumulative distribution function Fn(C) with the empirical cumulative distribution function. The Kolmogorov–Smirnov KS statistic is defined as follows:
	104BKS = 𝑚𝑎𝑥1≤𝑖≤𝑛{| 𝐹(𝐶𝑖 ) − 𝑖−1𝑛 | , | 𝐹( 𝐶𝑖 ) − 𝑖𝑛 |}
	105Bwhere:
	106BF (Ci)= 𝑊𝐶𝑖 −𝜇𝜎𝑛
	295BW is the cumulative distribution function of the standard normal distribution. Normality is rejected for large values of KS, and critical values (percentage points of the distribution) are required for different sample sizes. Once the statistical population (data) is selected, the appropriate method can be determined.
	296BIn VaR analysis, three standard models are widely used in financial markets: historical data, Monte Carlo simulations, and parametric models. Choosing the correct method enables faster achievement of VaR objectives, providing results that inform investment managers about the maximum or minimum capital loss expected for a single investment or a portfolio over a given period, with a specified confidence level (Best, 1998).
	297BSince shipbuilding raw material price fluctuations lead to volatility at different stages whether in operating expenses, cash flow, or income (Atari & Prause, 2017), the new MaritimeVaR methodology is used to hedge against risks related to OPEX. This helps investors manage investment risks in the bunker fuel market, specifically hedging against fuel price risks and the financial impact of changing or not changing the type of bunker fuel used. When cash flows are variable, it is difficult for investors to accurately attribute deviations in cash flows to corporate management decisions or external factors beyond management’s control (Bradley et al., 1998).
	298BThe parametric VaR method, also known as the variance-covariance method, is best suited to risk measurement problems where distributions are known, tested, and reliably estimated. However, the result can be unreliable when the sample size is very small (Saita, 2010). This method assumes a normal distribution of returns, requiring the estimation of two factors: expected return and standard deviation (Atari & Prause, 2017).
	299BThe implemented volatility must be specified over a given time period. To identify population, sample, or general discrete data, finite days and their daily prices are required. Market data is gathered over the last 𝑛 working days. The following formula provides a simplified approach to calculating price volatility:
	𝜎𝐻2=𝑛=1𝑛(𝑋𝑡−𝑋𝑡)2𝑛−1
	107Bσday=𝜎𝑦𝑒𝑎𝑟𝑛 𝑑𝑎𝑦𝑠
	300BAlternatively, if daily returns or spread values on specific days are of interest, the variance of the bunker fuel spread can be measured annually as follows:
	301BFor each scenario, the portfolio is valued using full nonlinear pricing models. The worst days selected are determined by the VaR historical confidence interval. The number of variables on day I is denoted as Ci, while 𝑚 represents the number of days from which historical data is taken:
	109BCm𝐶𝑖𝐶𝑖−1
	302BVaR is associated with a degree of probability; lowering the probability increases the confidence interval. Investment VaR and its corresponding confidence interval are shown in Table 2.
	168BTable 2. Investment VaR and its confidence interval. 
	112BThe amount of loss (Max or Min) – below the expected or average return. Function of standard deviation (σ) and time(T)
	111BProbability Level
	110BMaritimeVaR Confidence level
	            114B1%
	      113B99% Confidence
	115B-2.33(σ) × √T
	            117B5%
	118B-1.65(σ)  × √T
	116B95% Confidence
	           120B10%
	121B-1.28(σ)  × √T
	119B90% Confidence
	303BSource: Author’s compilation.
	304BThe employed VaR model and the results obtained from the proposed model, in accordance with the marine industry, answer research question number one presented in this thesis. The novelty of this section lies in the fact that the developed risk-based models extend into two major branches: the first is capital budgeting, and the second is marine economics. These subfields are categorized as ‘MaritimeVaR’ and ‘Capital Budgeting VaR (CBVaR),’ both of which create a new branch in financial modeling.
	305BIn the next chapter, the author briefly describes the theory behind maritime investment valuation and focus on how a practicing professional involved in real project valuation can use these new models to calculate the value of different types of project investments.
	122BThe models and theories discussed here all stem from and are based on original investment theory, which is why it is been mentioned. The theory of investment has been well developed in the field of economics over the last century. General investment theory arguably originates from John Maynard Keynes’ (1936) work, in which he described the relationship between capital and interest rates, or in other words, the efficiency of investment. Based on the “internal rate of return (IRR),” firms are assumed to compare different projects after a complete evaluation process (Atari et al., 2019). This theory is useful in the investment decision-making process.
	306BAll of this occurred after Irving Fisher’s capital and investment theories were presented in his papers on the existence of capital and profits (Fisher, 1906) and the rate of interest (Fisher, 1907). Both ideas are best expressed in Fisher’s book The Theory of Interest (Fisher, 1930), which treats a firm’s investment decision as an intertemporal issue. Fisher believed that all capital was circulating capital in his theory. In other words, the entire capital stock is depleted during the manufacturing process; instead, all “capital” is actually investment.
	307BInvestment theories have been developed in many aspects, but the most common models across industries rely on the value of discounted future cash flows. The most frequently used model is the Net Present Value (NPV) Model. NPV represents the amount of cash an organization values today for a project. The main issue is that it double-counts investment risk by first discounting at the risk-adjusted discount rate and then indicating NPV as a distribution.
	308BInvestments in financial assets are divided into two major categories: capital markets and capital budgeting. In capital markets, the investor allocates wealth (investment) into financial securities (Merton, 1990). On the other hand, capital budgeting is a method used by management to determine which capital investments would yield the highest return on investment for the funds invested (Peterson & Fabozzi, 2002).
	309BHo & Liao (2011) pointed out the deficiencies of DCF-based approaches, which exhibit two major pitfalls. The first is that in volatile decision-making situations, DCF factors such as cash flows cannot be accurately measured. The second is that the value of managerial flexibility in investment projects cannot be fully revealed through DCF evaluation analysis. Both would lead to improper results in strategic investment project valuation.
	310BOn the other hand, IRR has a strong position in investment evaluation. Many decision-makers believe that NPV has more advantages than disadvantages over IRR (Gaspars-Wieloch, 2019). The function of the IRR model is quite similar to NPV, except that the discount rate here is replaced by the IRR. If the IRR is greater than the discounted cash flow, then the manager can accept the investment. If the IRR is lower than the discounted cash flow, then the investment should be rejected.
	311BThe chart below shows the path of investment theory, which is usually divided into two major branches. After comparing the weight of research in both branches, it was observed that investment in real assets has not been well researched. Most of the research surprisingly focuses on capital market issues; therefore, most new methodologies and models are proposed for financial securities.
	312BFigure 3 depicts the relationship and the complete investment process.
	313BFigure 3. Capital investment. 
	314BSource: Author’s compilation.   
	315B1.6.1 A real option approach to maritime investments
	123BTraditional financial industry strategies are not always capable of accurately pricing businesses following major acquisitions. Since conventional models have failed to predict outcomes in many situations, new investments by companies can result in dramatic changes in their valuation. Recent research on financial valuation moves beyond traditional literature to achieve more accurate methods. These investment models and theories are typically more mathematically complex.
	316BIn fact, with a deeper look into Real Options Theory (ROT), it is easily realized that options in the financial market have been created as a form of hedging and investment facilitation. However, from a historical perspective, as mentioned in the book by Brach (2003), this concept dates back to ancient civilizations. Historically, it replaced the trading of commodities and pricing of options instead of assets.
	317BWith the later development of financial options, they became widely used in financial markets, offering investors more freedom and less obligation when trading stock options. Gradually, options began to be used in investment evaluation. The term Real Option was first introduced by Stewart Myers in 1977, four years after Black and Scholes developed the option-pricing model. This model is used to determine the value of a call option. Real options allow us to evaluate different commodities, real assets, or project investments. However, our focus is on the type of real option applied to large-scale investment projects. In this context, ships and new technologies related to them are considered as these projects.
	318BSeveral early studies in this area focused primarily on the gap between NPV, IRR, and real options. Abel et al. (1996) further explained that real options perform well where NPV or DCF methods fail. Dixit and Pindyck (1995) elaborated on investment under uncertainty, recognizing the costs of irreversibility, opportunity cost, and the cost of giving up flexibility. Atari et al. (2019) and Carbonara & Pellegrino (2018) provide a detailed analysis of scenarios where high price volatility of raw materials or total OPEX creates significant future uncertainty, making real options superior to other evaluation methods.
	319BConsidering real options as a method for evaluating real investment projects, very little research has been conducted in the maritime sector. Hypothetically, since this model is more suitable for solving environmental investment problems, it is applied to analyze and evaluate capital investments in new technologies, including ship scrubbing systems. The methods and models used in this research are illustrated in the diagram below.
	124B/
	320BFigure 4. Real option approach to investment. 
	321BSource: Author’s compilation.
	322BIn recent years, the real options approach has been applied as a valuable tool for addressing several complex financial questions. The method is expanding rapidly as a new valuation framework. One of its roots, which has been considered a surprising development, is Lotfi Zadeh’s (1956) state-of-the-art advancements in fuzzy mathematics and its applications. Fuzzy logic plays a crucial role in financial theory by helping to predict trends, remove ambiguities, and reduce uncertainties. It has influenced two primary investment areas: (1) conventional investment theories like NPV, DCF, and PV, and (2) real options.
	323BSince the focus of this thesis is on valuation methods based on real options, other models like fuzzy NPV, DCF, and additional capital budgeting extensions are not included in the diagram.
	324BCarlsson & Fullér (2000) and Collan et al. (2009) applied new methods such as the expanded Fuzzy Real Option approach in evaluating investment cases. Later, Attarzadeh (2017) and Islam (2017) tested new, complex real option methods on civil projects, primarily focusing on the evaluation of large-scale projects with high capital budgets. Their results demonstrated that real options produced significant insights for investment valuation.
	325BBendall & Stent (2010) proposed a new approach to real options by integrating real option theory with risk management, treating ships as commodity options to mitigate risks. In parallel, Huang (2007) and Kuchta (2000) developed NPV methods based on classical fuzzy logic and general capital budgeting models. Kahraman et al. (2002) further expanded this by setting up the Fuzzy Cash Flow model and calculating the payback period for projects. Sari & Kahraman (2015) introduced the idea of applying type-two fuzzy intervals to capital budgeting.
	326BForecasting is an interdisciplinary field with applications in economics, finance, and computer-based decision-making, and it continues to expand daily. However, financial forecasting relies on future cash flow estimates, and there remains a gap in accurately predicting returns on investment. While different analytical methods and financial software offer partial solutions, predicting future cash flows remains challenging.
	327BTriantis & Borison (2001) and many other scholars working with real options have argued that the Black & Scholes models are not always reliable. They contended that Black & Scholes alone is insufficient for evaluating complex economic activities. However, others believe that the Black & Scholes (1973) model is not only the strongest valuation method for call options but also the most influential financial option pricing model in the history of financial engineering.
	328BThe model is expressed in continuous time as:
	125BC (S, τ, E) = S x N(d1) -E x e-rxτ x N(d2)
	126BWhere for d1 and d2:
	127Bd1 = 𝑥=𝑙𝑛𝑆𝐸 + 𝑟+12 𝑥 𝜎2  𝑥 𝜏 𝜎 𝑥 𝜏
	128Bd2=d1-σ x 𝜏
	329Bwhere: 
	330Bτ = time until the decision must be made or, in the case of deferment, the length of time the decision can be deferred.
	331B𝑁(𝑑1) = cumulative probability of a normal distribution.
	332B𝐶 represents the expected value of the underlying asset, comparable to NPV, to determine whether the current value exceeds the investment cost at expiration.
	333B𝑁(𝑑2) represents the risk-neutral probability that the underlying asset’s value will exceed the investment cost at expiration.
	334B𝐸×𝑒− r×τ represents the present value of the investment cost, where 
	335B𝐸 is the expenditure required to acquire the project’s assets, 
	336B𝑒 is the base of natural logarithms, and 
	337B𝑟 is the risk-free rate of return.
	338BFinancial option theory provides a structured approach to valuing a company’s strategic investment options, bridging the gap between financial and strategic analysis. The main benefit of using real options is the connection to managerial flexibility. Since capital budgeting is a broad field and real-option models often require customization, this research specifically focuses on the real-options theory of company investment.
	339BThe second approach examined in this thesis is the Binomial Option-Pricing Model, proposed by Cox et al. (1979). The first-time step of the binomial tree has two nodes, representing possible asset values (Sou, Sod) at the end of the first period (𝑇 = 1). The last nodes at the end of the binomial tree represent the range of possible asset values at the end of the option lifespan (𝑇 = n).
	129BSn = e-σΔt [(p × Su) + ((1-p) x Sd)]
	 Su= up factor     Sd=down factor
	340Bwhere:
	 341B𝑆𝑛 = present value of the underlying asset.
	 342Bσ = volatility factor.
	 343BT = life of the option.
	 344BΔt = time step for calculations.
	345BThe up and down factors, u and d depend on the volatility of the underlying asset:
	131BSu=𝑒𝜎.√𝑑𝑡
	132BSd=𝑒−𝜎.√𝑑𝑡
	133BDixit & Pindyck (1994) emphasized the advantages of the binomial option-pricing tree model using risk-neutral probabilities over a risk-adjusted approach. The risk-neutral probability 𝑝is defined as: 
	134BP (risk neutral probability of moving up) =𝑒𝜎.∆𝑡−𝑑𝑢−𝑑
	135Bq=1-p (probability of moving down)
	346BRisk-neutral probabilities are mathematical intermediates that allow for discounting cash flows using a risk-free interest rate. Experts recommend evaluating options using multiple approaches, so in addition to the Black-Scholes and binomial models, this research also applies the Monte Carlo simulation model, leveraging Black-Scholes for further analysis.
	347BIn this extended model, the underlying asset value is first calculated using the DCF method with a risk-adjusted discount rate. The risks are defined based on CAPEX, OPEX, and maritime industry factors, placing this model within multiple financial subcategories.
	136BSt = St-1 + St-1 (r x dt + σ ε √dt)
	348BWhere 𝑆𝑡​ and 𝑆𝑡 − 1​ are the underlying asset values at time 𝑡 and time 𝑡 – 1, respectively; 𝜎 is the volatility of the underlying asset value; and 𝜖 is the simulated value from a standard normal distribution with a mean of zero and a variance of one (Mun, 2002). Since our CAPEX, OPEX, and risks are defined in the maritime industry, the extended model can be placed in different sub-branches. If we use only a single financial valuation model, i.e., Monte Carlo, it can be categorized under the Monte Carlo model subcategory in financial risk or evaluation models. Otherwise, it falls under the category of capital budgeting and real options, which can be referred to as “Maritime Real Option: Binomial, Monte Carlo, or Black & Scholes.”
	349B1.6.2 Investment risk management
	350BThe portfolio approach considers sets of investments and yields deeper insights into portfolio returns and risks. Most of the fundamental models were developed through the contributions of Fama, Sharpe, and primarily Markowitz (1991), who discussed and later contributed to investment theory. With their contributions, they introduced CAPM, the efficient market portfolio, and the Sharpe ratio. In most economic risk models, the volatility of the asset price or the market is considered the major risk of investment, whether in a portfolio or a single asset (Atari, 2021).
	351BThe results of previous research revealed that due to risk control, investors are keen to have a diversified basket of assets. As a result, Markowitz’s Modern Portfolio Theory (1952) became a focal point for managing risk and diversifying the investment basket. The Markowitz theory has recently been applied to address financial security issues and has significantly expanded in that category.
	352BExtensive and useful diversification models are surprisingly lacking in capital budgeting, investment appraisal, and real asset management. However, due to SECA regulations and the Global Cap 2020, fleet investment and management have become more complex than before. In response to research question number three of this thesis, solving this problem and finding the proper solution for shipping lines, Modern Portfolio Theory has been applied to manage maritime investment risks. This requires work in two areas like 1) the type and size of the ship and 2) the type of fuel used.
	353BNote that the focus of the study was on ship fuel type and its diversification model. Markowitz’s model is thus a theoretical framework for analyzing risk, return, and their interrelationships.
	354BTo achieve the desired results, the model first had to be adapted from financial security applications to real asset diversification. This process involved converting daily log returns and daily-portion expected returns to integer form and calculating the standard deviation. As a consequence, the expected return is the first and most critical factor to consider when building a diversified portfolio. The expected return of a portfolio is the weighted average of the expected returns for each asset in the portfolio:
	137BE (RP)=∑𝑗=1𝑚𝑤𝑗𝐸(𝑅𝑗)
	138Bwhere:
	139BRp = expected return of the portfolio
	140BRj = Expected return on security j
	141BWj = Proportion of total portfolio invested in security j
	142Bm = total number of securities in the portfolio 
	355BDiversification and basket-making continue to be heavily dependent on accurate investment return assessment. However, while Markowitz’s diversification and portfolio optimization model is strong and complex on its own, it has flaws as well. The model is not adaptive to time intervals and is limited to two fair standard deviations and returns, which is one of its listed flaws. After measuring the return, the standard deviation of the portfolio return at the desired point must be determined. The following formula presents the calculation of the standard deviation for a portfolio with multiple assets:
	𝜎𝑝 2=∑𝑖=1𝑛𝑗=1𝑛𝑤𝑖𝑤𝑗 Cov (ri, rj)
	σ𝑝 2= the variance rate of return, asset i
	144Bwhere:
	𝜎𝑝 2= (W1 W2 …WN)𝜎11⋯𝜎1𝑛⋮⋱⋮𝜎𝑛1⋯𝜎𝑛𝑛𝑊1⋮𝑊𝑛
	145BWij = the weights of the portfolio’s individual securities, where the weights are calculated by the proportion of capital in the portfolio
	147BCovij = the covariance between the rates, return for assets i and j
	148BThe Covariance of portfolio return can be computed by summing up all the entries to the following table:
	356BHowever, Markowitz (1999) found that when there is a high degree of uncertainty about future returns, greater diversification of investments reduces risk. Many who are aware of potential returns with confidence will, in principle, invest in only one safe asset – the one with the highest expected future return. Both Fama and Markowitz proposed different diversification tests, but they did not determine the optimal number of assets in a portfolio, particularly when real or risk-free assets are added to the total market risky asset.
	357BSharpe (1970) extended the basic portfolio model by discussing SML vs. CML for determining the most efficient portfolio. He emphasized that the only portfolio that can be on both CML and SML is an efficient portfolio. Moreover, SML is expressed as:
	150BE (Ri)= Rf+ E(Ri)-Rf     𝐶𝑜𝑣  (𝑅𝑖𝑅𝑚)𝑉𝑎𝑟(𝑅𝑚)
	358BWhile this work did not consider the beta of the market, and this was not possible, much effort was put into creating adequate models using the more complete Fama and Sharpe models. There were also constraints in constructing a portfolio and utilizing the market capital line. Assuming we have a portfolio of multiple assets with the same volatility (𝜎2) and Cov (covariance between these assets), we can deduct from the graph and our estimate of the cap that as 𝑁 (number of assets) approaches infinity, specific risk continues to diminish, leaving only market/systematic risk.
	𝜎𝑝 2= 1𝑁𝜎 2+ 𝑁−1𝑁.Cov
	 359BIt is important to remember that if all asset returns are independently distributed, then Cov = 0 and = 0. For a portfolio of 𝑁 assets, there is a unique, diversifiable risk component.
	𝑙𝑖𝑚𝑛→∞𝜎𝑝 2=𝐶𝑜𝑣
	152BWhen the number of assets in the portfolio (𝑁) is very large, the portfolio approaches the X-axis and tends toward ∞. We reduce portfolio risk by moving forward on the X-axis and increasing the number of assets.
	360BThe results obtained and the proposal are classified into two categories: systematic and unsystematic risks. Finally, a proposed model is presented. This justification is illustrated in Figure 5.
	154B/
	169BFigure 5. Risk of investment portfolio. 
	170BSource: Author’s compilation.  
	361BThe chart explains the risk involved in investment portfolios. It shows that by adding more diverse investments (such as ships), the total risk decreases. The diagram also breaks down risk into unsystematic risks (specific to individual investments) and systematic risks (market-wide risks).
	362BWhen discussing the optimal size of ships, the total number of ships in a fleet or in the global fleet, the type of ships, and the type of fuel they should use, the diversification question remains. This thesis presents a novel approach by focusing on risk management in the maritime industry. No one has yet paid attention to using the portfolio method to manage fleet investment risk. By applying this diversification strategy, we can manage the risk of investment in fleets.
	363BTechnically, this means that by combining assets into a portfolio, some risk is eliminated (mainly due to the covariance term), following Markowitz’s emphasis on the correct selection of assets and proper diversification.
	364BDiversification itself is a set of strategies designed to reduce risk by spreading the portfolio across appropriate investments (Atari, 2021). The diagram below presents an attempt to create a new model of an investment portfolio concerning real asset investment, based on both the classical Markowitz model and the modern investment model.
	365BFigure 6 illustrates the steps involved in managing investments and portfolios. It starts with investment theories and progresses through steps such as assessing investments, managing risk, and diversifying assets. Then, it explains how to identify, select, form, update, evaluate, and optimize investment portfolios.
	366B/
	171BFigure 6. Investment appraisal, portfolio management. 
	172BSource: Author’s compilation.
	367BA well-diversified portfolio requires constant optimization (Atari, 2021). The well-known mean-variance optimization considers the standard deviation of the returns for each asset. To complete the optimization process, it must visually demonstrate the position of each asset based on its expected return. Finally, this leads to constructing the efficient frontier, where the capital market line (CML) divides risky and risk-free portfolios.
	368BTo determine the best efficient frontier position, comprehensive studies on the correlation and covariance of returns between assets are required. Annualized data and information about the efficient frontier, optimal portfolio, or even the tangency point can help investors make investment decisions more quickly, accurately, and with reduced risk.
	369BThe results can be updated annually based on historical fuel data and the OPEX of ships. The entire process and its outcomes emphasize the importance of asset diversification in the maritime industry.
	2 Methodology
	2.1 Research data collection
	2.2 Data analysis

	370BIn this section, the author discusses the research methodology of the thesis within the context of maritime operations. The methodology is strongly influenced by operations management (OM), particularly operations research (OR), which draws on financial and mathematical modeling to establish a robust analytical framework. A critical component of this approach is risk management, which is essential for evaluating uncertainties in maritime investment decisions, regulatory compliance, and operational strategies. Overall, this methodology is crucial for addressing the research questions centered around Sulphur Emission Control Areas (SECA), a key environmental regulation that has significantly influenced maritime discourse, as noted by Makkonen and Repka (2016).
	371BTherefore, this research begins with a thorough review of the legal and environmental provisions governing SECA, transitioning into a comprehensive risk assessment. These steps are critical for framing the subsequent analytical processes, where the focus is on evaluating investments in these risk parameters.
	372BIdentifying the optimal solution for utilizing green fuels and solutions that comply with SECA regulations, while also maintaining a company’s financial health, presents a multifaceted challenge that demands a complex and well-structured research approach. This integrated approach which is a combination of business research (BR), operations research (OR), and financial engineering methods introduces complexity to the evaluation of maritime investments due to the significant capital required.
	373BBy combining BR insights, which provide a contextual understanding of market dynamics and industry trends, with OR techniques for optimizing decision-making processes, and financial engineering methods for risk assessment and portfolio management, a comprehensive framework for evaluating maritime investments emerges. This combination allows for a holistic analysis that considers quantitatively finer factors and enables stakeholders to make informed investment decisions amid the complexities of the maritime industry.
	374BAs highlighted by Brady et al. (2012), evaluating investment decisions within business research (BR) involves a series of rigorous steps: designing the research framework, selecting suitable methodologies, gathering relevant data, and, crucially, refining and analyzing this data to derive meaningful conclusions. The complexity of such research tasks has prompted researchers to consistently innovate and exhibit resilience, often by adopting interdisciplinary approaches, as noted by Van Aken (2016).
	375BThe increasing prevalence of interdisciplinary research across various domains – such as supply chain management (SCM), logistics, maritime operations (MO), maritime economics (ME), and finance (MF) accentuates the necessity of integrating diverse perspectives and expertise to tackle complex issues effectively. In the context of maritime economics, blending financial engineering with operations research enables the development of sophisticated analytical frameworks and decision-support tools (Spronk et al., 2016). This integration empowers practitioners to address the unique challenges and opportunities within the maritime industry, leading to enhanced efficiency, profitability, and resilience in maritime operations and investments.
	376BIn collaborative efforts across multiple domains including business, operations, economics, engineering, and environmental science innovative solutions to pressing challenges are explored (Frodeman et al., 2017). These perspectives are pivotal in creating new methods for supply chain optimization, risk management in finance, and advancing sustainability in maritime industries (Gerlitz et al., 2022). By transcending traditional academic boundaries, such interdisciplinary and multidisciplinary research enables scholars and industry practitioners to leverage the collective strengths of various disciplines, thus facilitating a more effective approach to complex, multifaceted challenges in maritime finance and operations (Bakkar et al., 2019).
	377BModern research methodologies are streamlining the research process, allowing scholars to reach their objectives more efficiently. This doctoral thesis exemplifies this by adopting the aforementioned quantitative approaches. It utilizes advanced, novel scientific modeling techniques within the framework of Business Research (BR) and Operations Research (OR), applied to the business and management sciences. These quantitative methods, particularly effective for complex decision-making in maritime investment and risk management (a subfield of Maritime and Management Finance), ensure structured, repeatable, and objective data collection and analysis.
	378BHowever, a continuing debate surrounds the limitations of quantitative methods in capturing the full picture of business phenomena. While these methods excel in statistical and mathematical analysis, they may oversimplify real-world business situations by neglecting the intricate relationships between variables. To overcome this limitation, scholars frequently integrate complementary methodologies, such as Operations Research (OR) with other quantitative methods in Business Research, including financial engineering (Jensen & Bard, 2002).
	379BFurthermore, Management Science (MS), as a subfield of OR, is a discipline that applies analytical methods to improve business decision-making. It integrates smoothly into business administration. The ability of MS to optimize organizational processes, enhance decision-making, and improve operational efficiencies justifies its use in business administration studies (Anderson et al., 2019). It leverages statistical data and algorithmic models to solve complex problems in broad domains like maritime and ship finance, making it a vital part of modern business strategy and operations management (Taylor, 2002). This integration of MS enhances data-driven decision-making, which is crucial for gaining a competitive advantage in the business landscape.
	380BQuantitative decision-making in business involves using mathematical models, statistics, and algorithms to analyze data and make informed decisions. This approach emphasizes objectivity and precision, relying on numerical data to predict outcomes and optimize strategies. Common applications include financial analysis, risk assessment, resource allocation, and strategic planning. While quantitative methods provide rigorous tools for decision-making, they may require supplementary qualitative insights to address factors such as investor behavior, morale, and other dynamic elements of business environments.
	381BDecision analysis, Operations Research (OR), and Management Science (MS) each offer structured methodologies for addressing complex decision-making problems within organizations. Decision analysis encompasses probabilistic modeling, decision trees, influence diagrams, and sensitivity analysis, providing frameworks to analyze decisions and select optimal courses of action (Parnell, 2013). On the other hand, the OR research methodology involves problem formulation, model development, data collection and analysis, solution implementation, and performance evaluation. OR researchers frequently collaborate closely with practitioners to tackle real-world challenges and implement effective solutions (Petropoulos et al., 2024).
	382BSimilarly, research in Management Science involves formulating hypotheses, collecting data, conducting empirical analysis, and developing models or frameworks to support decision-making processes. This field emphasizes interdisciplinary collaboration and the integration of theoretical insights with practical applications (Jonker & Pennink, 2010). Therefore, by integrating these methodologies, researchers and organizations can enhance their decision-making capabilities and improve overall performance in dynamic and uncertain business and economic environments.
	383BThe debate regarding the preferred research method in Business Research (BR) continues. This thesis acknowledges the ongoing discussion between quantitative and qualitative approaches. While Simon (1979) champions qualitative methods for their ability to interpret complex and subjective factors, Kahneman and Tversky (2013) advocate for quantitative methods due to their ability to minimize bias through statistical models. Creswell, J. W., & Creswell, J. D. (2017) propose a more holistic approach, integrating both quantitative and qualitative methodologies for optimal decision-making. Venkatesh et al. (2013) further this argument, highlighting the need to combine advanced mathematical modeling with statistical methods while acknowledging the value of qualitative insights for a deeper understanding of behaviors and contexts. However, despite these arguments, this thesis will focus solely on quantitative modeling and informed decision-making (IDM).
	384BOperations Research (OR) engages deeply with epistemological, ontological, and axiological considerations, shaping its approach to problem-solving in diverse contexts. Epistemologically, OR is rooted in positivism, emphasizing the acquisition and validation of knowledge through empirical data and mathematical modeling, suggesting that objective truths about systems can be discovered through observable phenomena (Brady et al., 2012). Ontologically, OR adopts a realist stance, believing that the systems it studies such as organizational structures and processes, have tangible characteristics that exist independently of perceptions and can be systematically analyzed and optimized (Birge & Louveaux, 2011). From an axiological perspective, OR prioritizes effectiveness and efficiency but is increasingly attentive to ethical considerations, balancing optimal solutions with fairness and societal welfare (Miser, 1991). These philosophical dimensions collectively guide OR’s application across various sectors, ensuring that its methodologies not only address practical problems but also consider the broader impact of its solutions.
	385BFinally, this thesis examines how different fields from management sciences, operations research, and business research to financial engineering, maritime economics, and maritime finance come together. These fields each have their own unique yet interconnected philosophical, ontological, epistemological, ethical, and axiological perspectives that influence decision-making and core values. The emphasis on analytical rigor, primarily underpinned by positivism and realism, unites these fields, guiding the application of both quantitative and qualitative methods to address practical and theoretical challenges (Ackoff, 1979; Leitch et al., 2010).
	386BEthical considerations are paramount, particularly in their focus on the socio-environmental impacts of decisions, reflecting a deep commitment to corporate social responsibility (CSR) and ethical financial practices (Crane et al., 2019). Furthermore, their axiological orientations prioritize values such as efficiency, effectiveness, innovation, and sustainability, driving these disciplines not merely toward profit maximization but also toward developing better societal and environmental outcomes (Porter & Kramer, 2006; Schaltegger & Burritt, 2018).
	387BTo facilitate an understanding of the methodology and its connection to the research questions, as well as their relationship with the articles in this thesis framework, Table 3 provides an easy reference for readers.
	388BTable 3. Research Design. 
	389BSource: Author’s compilation.
	390BResearch data were obtained from a variety of sources. The first set of data comprised ships’ fuel prices over a ten-year period. These fuel prices and spreads were calculated at specific time intervals, obtained from a well-known Estonian oil and fuel producer company. They were valuable, and the data were critical to the research’s initial success. In subsequent years, higher-quality and more accurate data were used. This data was obtained from companies specializing in collecting fuel prices and other commodity prices from ships and bunkers, such as the DNV GL online platform. Their raw data were of better quality and completeness.
	391BUsually, large companies and research institutes benefit from such data because these specialized companies update their datasets daily and sometimes hourly. The data obtained were not subject to specific analysis, were not purchased for this research, and did not include any contractual restrictions regarding research use, publication, or republishing.
	392BTo advance research in the shipping industry, collecting detailed ship information was crucial. This data encompassed technical specifications such as engine power, number of engines, capacity, size, and fuel consumption. A more comprehensive dataset was compiled, including details such as ship weight, country of manufacture, passenger capacity, cargo capacity, and traffic routes. Additionally, data on accepted routes and ports were gathered to determine the amount of time ships spend inside or outside Sulphur Emission Control Areas (SECA) and fuel consumption in Emission Control Areas (ECA). This extensive dataset is vital for thoroughly assessing the applicability and accuracy of models in real-world scenarios.
	393BWhen historical data is collected, it is used to validate and construct new models, and the remaining data is used to determine if the model is functioning properly. Model validation is performed in the first step by comparing the model’s results with the corresponding processes or with the outcomes of other models run with the same input data. For each set of research conditions, confidence intervals and hypothesis tests are used to compare parameters, distributions, and time series results. These statistical tests aided in model development and assessing model appropriateness. During this process, the author conducted historical data validation, sensitivity analysis, and parameter heterogeneity testing.
	394BOn a related but significant note, the case study approach is not simply a form of qualitative analysis, even though it is often categorized within qualitative research methods (Creswell et al., 2007). The case study method incorporates multiple sources of data and various data collection techniques. Each source has advantages and disadvantages, and they complement one another, making it advisable to use several information sources (Yin, 1994). Merriam (1998) stated that a case study is an examination of a constrained system or cases over time, utilizing comprehensive, in-depth data collection from multiple sources to enrich contextual understanding. A case study may focus on any subject, but it must employ a structured methodological approach and include empirical (quantitative) data (Yin, 2002). Case study research has long been recognized as one of the most effective methodologies in operations management and operations research (Sadeghi et al., 2021). Seuring (2008) noted that case studies are particularly effective for analyzing multiple stages of a supply chain and operations, as they enable direct observation of sector-specific processes.
	395BIn case study-based empirical data collection, a structured protocol was followed, focusing on data acquisition within the context of the maritime industry, its social phenomena (investment and risk), cases (shipping lines), and sub-cases (ships). The primary data collection process began with structured, formal, and informal discussions with maritime experts, officials, and port affairs specialists working across various fields. These included captains, ship crews, ship engineers, maritime & energy consultants, engine technicians, scrubber engineers, and experts in ship equipment, raw materials, and chemical sales & marketing related to ship operations. Some of this data was obtained through participation in webinars and specialized conferences.
	396BAdditionally, numerous meetings with professionals experienced in other research fields and academics from IT, economics, business management, and finance contributed to the study. These engagements provided valuable insights into tools, data analysis, and financial theories, facilitating knowledge transfer that significantly enhanced the quality and rigor of this research.
	397BFieldwork, field trips, and industrial visits were embarked upon to validate and modify the designed models, and the optimized model is recommended for further research in other business environments within the operations research process (Lacono et al., 2011). The case study observation data collection included field trips, group studies, and discussions within the context of the project.
	398BThe main part of the empirical data was collected between November 2016 and September 2018 as part of the project “EnviSuM”, an EU-funded project within the TalTech University project group, examining the economic and financial (investment & risk) impact of SECA. A portion of the data collection focused on the interactions between maritime stakeholders in the Baltic Sea Region (BSR) and their perspectives on financial concerns, compliance costs, the compliance process, and their overall perceptions of the impact of the new regulations.
	399BThe field trip study included data collected from visits to numerous ships, ports, bunker fuel and oil production and distribution facilities, green shipping communities, and international organizations active in various maritime fields across European countries. It was followed by several face-to-face, semi-structured expert interviews conducted across BSR workshops. By examining real cases from the maritime industry during and after the implementation of SECA in the Baltic Sea Region (BSR), the study provided insights into economic activities, operating income and costs, ship finance, ship investments, and profitability.
	400BThere were numerous possibilities for investment changes both prior to and following SECA. Green shipping regulations have significantly influenced investment patterns. Therefore, the case studies facilitated a review of investment decisions concerning ships and new technologies to ensure regulatory compliance. The objective of selecting this research approach was to develop, integrate, and substantiate the findings.
	401BOperations analysis is the process of providing reliable statistics and analysis to address critical problems. One of the primary goals of this study is to determine how operations analysis can enhance management decision-making and flexibility. The managerial decision-making process is highly dynamic and closely linked to a business’s viability, financial performance, and operational performance.
	402BTo maximize effectiveness, strategic choices must incorporate objective data and analysis to complement subjective data and decision-making. Achieving accurate decision-making required diligent and close communication with maritime stakeholders within the BSR, which was crucial for addressing the dynamics of the research questions. As a result, the case studies assisted in evaluating decisions on ship investments and new technologies to ensure compliance with SECA regulations.
	403BAll case studies mentioned in this thesis include holistic, embedded, and single or multiple case studies. The collected data were categorized, classified, and encoded in stages. The case studies were analyzed contextually, using an explanation-building approach, and their findings were integrated into the text.
	404BFollowing the completion of the ships’ (or shipping lines’) information and consumption in relation to cost accounting, the analysis of bunker fuel data entails the spread prices of the most expensive bunker fuels present on the market. Capturing technological details and financial data regarding the new or used dismantled equipment’s turns to be challenging in a data collection process. The prices and value of new equipment used on board or the retrofit equipment could help us to set the precise value as a CAPEX in our cases. Due to the high competition, the abatement technology manufacturers had difficulties on sharing commercial and financial data related. The values adjusted by the help of experienced maritime consultants and engineers to guess with the current market values. To complete the OPEX part, the total fuel consumption of each case was required in order to check the payback time, DCF, and NPV and lay the groundwork for new financial modelling. Fuel data analysis and investment valuations were performed by various statistical analyses, probability methods, and some machine learning techniques. The following software packages were used for modelling and data analyses: spreadsheets, IBM SPSS, Python, and R.
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	405BRQ1 examines key factors that can effectively reduce the risk of maritime investments, and how can they be applied effectively. It focuses on understanding how shipowners can mitigate financial uncertainties and optimize their compliance strategies under regulatory frameworks such as SECA and the Global Cap 2020.
	        406BFrom SECA to Global Cap 2020, the main maritime compliance solutions to the new environmental legislation remained the same (Atari, 2021). LNG, LSFO, and HFO + Scrubbers were the most widely discussed SECA-related solutions (Olaniyi & Prause, 2020). In this thesis, all aspects of investment and related risks to comply with SECA and Global Cap 2020 were examined. However, Prause & Olaniyi (2021) pointed out that SECA imposed significant costs on the maritime industry. In practice, this obliges high costs on the industry, with profitable businesses bearing the brunt of the risk.
	407BAccording to experts and nearly similar views, the most significant reason why scrubbers are not being widely used is the misconception that their equipment will become outdated in the near future. Newer regulations restrict their use, and most importantly, scrubbers take up significant space on the ship. Additionally, country-specific restrictions further limit their use, eliminating the possibility of installing scrubbers on many ships. Evidence shows that European companies are less interested in scrubbers compared to companies in other regions, including China. However, contrary to popular belief, this technology is unlikely to become obsolete in the near future.
	408BThe analysis of operating costs for different cases showed that scrubbers themselves increase the operating costs of a ship and increase fuel and electricity consumption on board. They also greatly increase maintenance costs, adding to labor costs required for maintaining this equipment. The additional cost comes from the need for a specialist engineer or technician who must always be on board during voyages to monitor and control the performance of the device.
	409BIn a way, consuming heavy fuel oil (HFO) itself presents many risks, which increases the risk of investing in a scrubber. Analysis revealed that high HFO prices reduce the economic costs of SECA compliance. It also showed that producers and refiners of heavy fuel will likely phase out this fuel from their production basket at a certain point in the future. With a declining production trend, its refining will likely shift to specific and smaller refineries. HFO is older than any other bunker fuel on the market, so it has more historical pricing data. The study of HFO historical prices revealed that it has experienced several major price variations over the years. As a result, the popularity of heavy fuel oil has declined.
	410BThe first striking observation to emerge from the analysis was that descriptive statistics and various test results illustrated the fuel price distribution following a normal distribution in many cases and across several time intervals. Based on the observation that, fuel prices and market spread values exhibit a standard distribution over a five-year cycle, both before and after SECA, the author was able to calculate the maximum expected loss (risk of investing in a scrubber using HFO) over that time period, given a confidence level (90%, 95%, 99%). The proposed MaritimeVaR methodology estimates the maximum potential loss on a maritime investment by assessing the probability of an investment outcome over a defined period with a specified level of confidence.
	411BThe expanded value at risk (VaR) in capital budgeting assisted in understanding returns on investment over the relevant time span, determining confidence levels, and monitoring and managing demand and ship fuel risks. The entire concept was adapted from financial engineering to maritime economics. It refers to the calculation of NPV, payback period, IRR, and DCF of scrubbers under various scenarios.
	412BFrom a financial standpoint, all the findings were surprisingly compelling to investors. The primary goal of using and deploying a MaritimeVaR model was to utilize renewable marine fuels and abatement technologies. The author tested the outcomes of abatement technologies using the newly developed MaritimeVaR and CBVaR models, both of which used conventional NPV models and the results revealed that investing in scrubbers is objectively feasible in various cases. Only on a few occasions did the historical spread drop below the critical values, making the investment favorable and profitable.
	413BHowever, discussions, uncertainties, and speculation surrounding the technology, future regulations, capital costs, investment timing (deferment), and the capital availability for investment remain key concerns.
	414BThe quantitative and case study data show that shipowners, especially in Northern Europe, often opt for low-Sulphur fuel to avoid the challenges associated with scrubbers. The findings align with the fact that, despite being the most expensive option, LSFO remains the most widely used fuel in Northern Europe. In meetings and discussions with industry experts, the author found that many are optimistic about the future of LSFO. They anticipate a higher market share for this fuel after SECA and Global Cap 2020. However, there is also opposition to this expectation, with some believing that LNG will dominate the market in the near future.
	415BRQ2 examines the factors influencing shipowners’ investments in marine abatement technologies and their preferred compliance strategies under SECA regulations.
	416BEngineers and technical experts emphasize the high performance of LSFO in engines, along with its easy accessibility. The findings further indicate that LSFO remains prevalent due to its greater availability compared to other bunker fuels. However, it also raises overhead costs for shipping companies. One major reason why most shipping companies continue to use this fuel under SECA regulations is the belief among ship engineers that advanced engine technologies have been well-developed and optimized for high efficiency and compatibility with LSFO.
	417BShipowners could drastically reduce operating costs by investing in abatement technologies such as scrubbers using lower-cost heavy fuel. In the reviewed cases, assuming shipowners installed scrubbers, the payback period ranged between 0.6 and 3 years, depending on the ship’s size, engine number, and engine power. The payback period is largely influenced by the price spread between LSFO and HFO, which fluctuates depending on market conditions. By using scrubbers, shipowners could control operating costs instead of directing cash flows to refineries and fuel producers. Olaniyi & Prause (2020) provide a detailed analysis comparing investment in desulphurization processes at refineries versus onboard scrubbers at a smaller scale. 
	418BThe results from ROT analysis and modeling reinforce confidence in scrubber investments. However, the evaluation of investment challenges also reveals several risk factors. Fuel price volatility, regulatory uncertainty, potential restrictions on open-loop scrubbers in some waters, and the operational reliability and maintenance costs of scrubbers all contribute to the complexity of investment decisions.
	419BThe new modeling approach extends real option assessment to the maritime industry, focusing on investment decisions related to alternative fuels. Observations indicate that most ships operating in the Baltic Sea since 2005 have increasingly switched to low-Sulphur fuels. Between 2014 and 2017, discussions about suitable fuel alternatives for ships intensified. Using actual alternatives, the author investigated whether decision-makers intentionally postponed or continued investments, or if these decisions were based on uncertainty, imitation, or market speculation. The analysis suggests that shipowners must adopt a flexible approach, balancing short-term compliance costs with long-term operational savings, while carefully assessing regulatory risks, technological developments, and fuel price volatility.
	420BRQ3 explore how the risks of abatement investments in maritime fleets be most effectively managed in light of SECA regulations. It focuses on identifying risk management strategies that allow shipowners to navigate fuel price volatility, regulatory uncertainties, and market fluctuations when making abatement investment decisions.
	421BLogically speaking, investing in abatement does not make sense when the price spread is narrow. High fuel price volatility and the spread between fuel types create significant ambiguity for investment decisions. Comparing the new model calculations with the Black & Scholes model and the NPV method validates the decisions made by shipping lines. In short, many shipping companies made the right choice by rejecting scrubber investments in 2014 and 2015.
	422BBased on option deferment, a one-year delay in investment decisions allows companies to learn from the market. Historical data show high volatility, with a deep recession in 2007–2008 and significant price fluctuations between 2014 and 2016 (before and after SECA). These factors confirm that shipowners and shipping lines made the correct decision by adopting a wait-and-learn strategy.
	423BAfter SECA regulations took effect, further stabilization of bunker fuel prices in 2018 (following Chinese SECA) and in 2020 (after Global Cap) allowed for a re-examination of economic feasibility. To assess market conditions between 2020 and 2025, the author created a binomial diagram of potential fuel alternatives, incorporating a higher-level perspective using Cox models. The results obtained from this model confirmed the findings of the Black & Scholes model, illustrating all possible investment scenarios during the first ten years (2015–2025) of a scrubber’s total useful lifespan. This model provides valuable investment insights for those considering scrubber installations.
	424BThe objective findings reveal that, following the SECA rule, the majority of shipping lines concentrated their capital investment in one fuel type, running all their ships on low-sulphur diesel. This poses a high financial risk for companies. However, most shipping lines have diversified fleets, including cargo ships, ferries, tankers, and bulk carriers. The new model, based on Markowitz portfolio theory and related financial models, was used to address the third research question. This approach applies real asset allocation and diversification within the capital budgeting framework.
	425BLNG has recently emerged as a new clean fuel in the maritime industry. It not only produces zero sulphur emissions but also reduces other greenhouse gases and is generally considered safe and environmentally friendly. The case study findings indicate that investors are concerned about LNG supply, as it is produced in only a limited number of countries. While HFO is derived from crude oil, LNG is sourced from natural gas.
	426BLNG has historically been priced lower than other bunker fuels, and its price volatility is comparable to that of other fuels. While LNG prices are tied to natural gas prices, gas prices are strongly correlated with oil prices. Due to the optimism surrounding LNG, many companies are rapidly developing LNG-compatible equipment.
	427BA limited number of LNG-fueled ships have entered the global fleet. However, the risk of supply limitations poses an investment challenge not only for ships but also for engine manufacturers, fuel storage tanks, terminals, and other related infrastructure. The lack of sufficient LNG infrastructure discourages enthusiastic investors.
	428BTo balance investment risks and reduce uncertainty, the author proposes a modern portfolio application for asset diversification. The optimal strategy involves splitting total fleet assets into three fuel categories: LSFO, HFO + Scrubber, and LNG. This approach aligns with Markowitz modern portfolio theory, recommending an equal asset allocation strategy that involves dividing total assets into 33.3% for each fuel type.
	429BThe risk model for diversification must be well-optimized. Based on case study results and the newly developed model, the optimal asset distribution suggests that 60% of assets should be HFO-fueled, while 40% should be LNG-fueled. These ratios were designed for shipping lines with a fleet of ten ships.
	430BA well-diversified and optimized portfolio for maritime fleets can provide a practical solution to the third research question of this thesis. The study develops and introduces a portfolio concept for maritime fleet management, aligning with environmental regulations. While all research findings are based on classical investment and risk theory and financial engineering, traditional models alone are insufficient for maritime investment decisions. 
	431BEffectively managing abatement investment risks under SECA regulations necessitates a dynamic decision-making process that accounts for fuel price volatility, regulatory developments, and market behavior. The findings emphasize that adopting an option-based deferment strategy that allows shipowners to observe market signals before committing to costly abatement technologies enables more informed and resilient investment decisions, safeguarding both operational stability and financial performance.
	432BAll three research gaps have been addressed, and the findings have been empirically validated, ensuring that the research conclusions remain relevant and applicable to both science and the business world.
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	433BIt is evident that financial data and the financial challenges faced by companies are inherently complex. However, substantial research has been conducted in these areas, providing valuable insights that can enhance the financial processes of large corporations. Scientific research and operations can drive new developments in the maritime industry to foster greater integration and progress. Theories developed by renowned scientists such as Marconi, Black, and Scholes have established robust foundations that, when leveraged effectively, can significantly contribute to the maritime scientific and industrial advancements.
	434BThe shipping industry is rapidly evolving, particularly in its efforts toward greening and environmental sustainability. Significant progress has been made in emission control, and this trend is likely to extend to other areas, including Sulphur and nitrogen emissions, particulate matter, and water quality regulations. Although ongoing debates and challenges persist, the high compliance rates with Sulphur control regulations in Baltic waters suggest that similar measures could be adopted globally. Shipping companies must adhere to stringent environmental laws to avoid hefty fines, necessitating substantial investments to comply with new legislation.
	435BRegrettably, the maritime industry has lagged behind in terms of innovation and environmental sustainability, primarily due to low investment in research and development (R&D). Addressing this issue requires concerted efforts from governments and organizations, particularly in the field of green finance. Rational investment involves significant risks, making it crucial for companies to adopt well-defined and optimized investment strategies. Incorrect investment decisions can result in substantial financial losses.
	436BNew models and enhancements to existing theories, such as MaritimeVaR, CBVaR, Maritime Real Options, and Maritime Investment Diversification based on Markowitz Portfolio Theory, can improve risk management and investment decision-making. These advancements can accelerate the decision-making process for financial experts in the shipping industry and beyond.
	437B4.1.1 Theoretical contributions
	438BThis thesis makes several key theoretical contributions to the body of knowledge in the field of investment risk management, specifically within the maritime sector, and extends the literature on sustainable operations and compliance with environmental regulations such as SECA and the Global Cap 2020. These contributions include:
	1. 195BIntegration of Maritime Economics with Financial Economics (Addresses Gap 1).
	196BThis research bridges maritime economics with financial economics by incorporating post-modern portfolio theory, investment theories, and decision theory, providing a new analytical framework that allows maritime companies to better assess investment risks under market volatility and regulatory pressures. This integration extends the literature by offering a comprehensive approach to investment decisions in uncertain environments.
	2. 197BNovel Models for Risk Management (Addresses Gap 1)
	198BThis study introduces Maritime Value at Risk (MaritimeVaR) and Capital Budgeting VaR (CBVaR), which adapt existing financial risk models to maritime investment scenarios. By tailoring established risk assessment techniques to fuel price volatility and regulatory challenges, these models offer a structured approach to risk measurement and mitigation in maritime finance.
	3. 199BExtension of Real Option Theory in Maritime Investments (Addresses Gap 2)
	200BThe research extends the use of Real Option Theory (ROT) in maritime investments, particularly in evaluating abatement technologies and alternative fuels (e.g., scrubbers). By applying financial market concepts to maritime economics, this study provides a more adaptable investment framework, allowing decision-makers to account for flexibility in capital investments when faced with changing regulatory conditions and market uncertainty.
	4. 201BApplication of Modern Portfolio Theory in Maritime Finance (Addresses Gap 3)
	202BBy adapting Modern Portfolio Theory (MPT) to optimize investments in sustainable maritime technologies, this research provides a structured risk-balancing framework that allows maritime finance professionals to strategically allocate capital across different investment options, ensuring that systematic and unsystematic risks are simultaneously managed.
	439B4.1.2 Practical contributions
	440BThe practical contributions of this thesis offer valuable insights and tools that extend beyond theoretical advancements, providing actionable outcomes for industry stakeholders and further expanding the body of knowledge on sustainable maritime investment practices. These contributions include:
	1. 203BInvestment and Decision-Making Guidance (Addresses Gap 1 & 2)
	204BThis research provides practical investment models for maritime professionals – including investment managers, asset managers, and CFOs – to enhance investment strategies and risk management. By integrating quantitative risk analysis with decision-making frameworks, this research enables real-world applications that help industry professionals navigate regulatory uncertainties and optimize investment portfolios.
	2. 205BRegulatory and Policy Contributions (Addresses Gap 2 & 3)
	206BBy extending the literature on investment risk management strategies for pollution mitigation technologies, this research provides valuable insights for policymakers and government agencies. It helps shape regulatory frameworks that promote sustainable shipping technologies while ensuring financial feasibility for shipping companies.
	3. 207BManagerial Implications for Strategic Planning (Addresses Gap 3)
	208BThis thesis provides top-level management with insights into risk mitigation strategies, expenditure stability, and long-term investment planning. By offering tools for improving strategic decision-making, this research ensures that maritime organizations remain competitive while complying with environmental regulations.
	4. 209BSustainability and Environmental Impact (Addresses Gap 3)
	210BThis research offers actionable insights into how maritime organizations can adopt cleaner fuels and green technologies to align with global environmental goals. By providing data-driven recommendations for sustainability, this study supports both regulatory compliance and environmental responsibility.
	441BOverall, this thesis not only addresses critical gaps in the body of knowledge but also extends the literature in maritime finance, risk management, and sustainability, providing practical models and frameworks that can be directly applied to improve decision-making in maritime investments under environmental regulations.
	442BThe models, analyses, and results introduced in this research offer a range of implications for both theoretical development and practical application within the maritime industry. These implications extend across several domains, including technological innovation, regulatory solutions, financial decision-making, environmental sustainability, and public policy. The following sections outline the key implications for each of these areas:
	1. 211BTechnological and Regulatory Implications
	443BThe newly introduced models and analyses in this thesis provide significant value for the acquisition of new technologies and the development of regulatory frameworks. Specifically, this research offers potential solutions for decision-making regarding the purchase of new or used ships, particularly under conditions of uncertainty and market volatility. The integration of post-modern portfolio and investment theories with decision theory enhances the ability of maritime stakeholders to navigate complex decision environments. This research has the potential to inform regulatory measures that promote the adoption of advanced technologies and support sustainable maritime operations.
	2. 212BManagerial Implications
	444BThe managerial implications of this research are particularly relevant to top-level management within maritime organizations. The insights gained into decision-making mechanisms, risk aversion, and expenditure stability offer valuable guidance for improving strategic planning and operational efficiency. Senior executives, such as CEOs, CFOs, and asset managers, can apply these findings to enhance decision-making processes, better manage risks, and maintain financial stability. These improvements contribute to the overall competitiveness and sustainability of their organizations in an increasingly dynamic and uncertain market environment.
	3. 213BFinancial and Investment Implications
	445BFor financial practitioners in the maritime industry, such as investment managers and asset managers, the findings of this study provide a detailed analysis of economic conditions and technological advancements. This information offers a solid foundation for refining investment strategies and risk management practices. The integration of financial economics with maritime economics, using post-modern portfolio theory and decision theory, enables more informed decision-making under uncertainty. These insights are particularly valuable for those involved in the financial management of shipping lines and vessel ownership, as they address both current opportunities and future challenges in the sector.
	4. 214BPublic Sector and Policy Implications
	446BThis research holds substantial relevance for stakeholders in the maritime-related public sector, including ministries, municipalities, customs, government departments, and civil society organizations. The study’s findings provide critical insights into investment and risk management strategies for pollution mitigation technologies, which can significantly enhance government efforts to promote cleaner maritime operations. Policymakers responsible for environmental protection, transport, and industry can use these findings to develop regulatory measures that incentivize or mandate the adoption of sustainable technologies. Municipalities managing local waterways and port operations may also apply these insights to reduce the environmental impact of shipping activities.
	5. 215BEnvironmental and Ethical Implications
	447BThe environmental implications of this research are far-reaching, particularly for stakeholders focused on reducing pollution and improving air and water quality. Environmental activists, green organizations, and legislators can utilize the findings to advocate for stringent environmental standards in maritime operations. The research provides solid empirical evidence to support the development of policies that balance economic efficiency with environmental sustainability. Additionally, organizations concerned with seawater and air quality can use the detailed analysis of the environmental impacts of maritime activities to prioritize monitoring efforts and develop targeted conservation initiatives.
	6. 216BAcademic and Educational Implications
	448BThis research contributes significantly to academic discourse and provides a valuable resource for educational institutions, research agencies, and higher education programs. The findings of this thesis can be integrated into curricula focused on maritime studies, environmental science, and economics, enriching the educational experience and fostering a deeper understanding of the sector’s challenges. Moreover, this research offers a comprehensive foundation for future studies that seek to explore the intersection of financial economics and maritime operations under uncertain conditions.
	8. 217BPolicy-Making Implications
	449BAt the state, local, national, and EU levels, policymakers stand to benefit from the research’s insights into the financial and economic challenges specific to the maritime sector. The research highlights vulnerabilities related to market risks and emerging trends in maritime technology and equipment investment. These insights are critical for developing regulatory frameworks that support technological innovation while effectively managing economic risks. By understanding operational impacts and potential optimization strategies, policymakers can draft more informed and effective regulations that align with global environmental goals and promote sustainability in maritime operations.
	450BIn sum, the implications of this research extend across multiple domains, offering both theoretical advancements and practical solutions for a wide range of stakeholders within the maritime industry. The findings not only fill crucial gaps in academic literature but also provide actionable insights that can drive significant improvements in environmental sustainability, operational efficiency, and strategic decision-making. This research serves as a bridge between empirical findings and practical application, enhancing the knowledge base for maritime industry stakeholders and contributing to more informed decision-making across various levels of governance and management.
	451BThere are limitations to this study that must be considered when interpreting the findings.
	452BFirst, there is a significant gap in historical data for newer fuels, such as LNG. Since these fuels have only been in use for a relatively short period, assessing their long-term effects and trends remains challenging. This limitation restricts our ability to thoroughly analyze long-term changes and impacts.
	453BAdditionally, the study relies on risk models that were originally validated using stock market data, where returns are often measured daily or through logarithmic calculations. However, applying these models to maritime fuel data may not always yield accurate results, as the behavior of fuel data differs significantly from that of stock market data.
	454BAnother major constraint is the limited diversity in the ship samples analyzed. All ships studied are similar in size and type, primarily operating within the Baltic Sea Region (BSR). To enhance the validity and applicability of the findings, future studies should include a wider variety of ships in terms of size, type, and operational regions. Expanding the geographic scope to include areas outside traditional Sulphur Emission Control Areas (SECAs) such as the China SECA and Global Cap, would provide a more comprehensive perspective and strengthen the study’s conclusions.
	455BMoreover, data collection posed significant challenges due to market conditions and the nature of the shipping and fuel industries. Shipping lines and ports, which often operate under monopolistic or oligopolistic conditions, have stringent policies regarding the sharing of financial and strategic information, including investment plans and budgets. This made it extremely difficult to directly obtain financial data from these large organizations. Similarly, companies involved in the production and distribution of ship fuel are typically large entities with strict non-disclosure policies regarding financial and strategic data.
	456BLastly, the decision-making process within these industries is highly centralized, with final decisions on purchasing new or used ships typically made by senior management. This centralization made it nearly impossible to directly interview individuals from within the shipping lines. Furthermore, engaging with these companies required navigating multiple layers of authority, which was both time-consuming and, in some cases, unfruitful, particularly when attempting to gather specific information about their plans to comply with environmental regulations and their commitments to green shipping initiatives.
	457BThese challenges collectively limited the ability to obtain the desired depth of information, influencing the overall quality of the research. Addressing these issues in future studies will be crucial for advancing our understanding of the maritime industrys adaptation to environmental and regulatory changes.
	458BThis study lays the groundwork for extensive future research in maritime finance and investment, identifying several areas where additional work can enhance and build upon the current findings.
	459BThe investment evaluation models traditionally used in this thesis such as Internal Rate of Return (IRR), Discounted Cash Flow (DCF), Payback (PB), and Net Present Value (NPV) have provided a solid foundation. However, the shipping industry would greatly benefit from the development of new standard models. Future research could explore and validate alternative methods such as the Profitability Index (PI), Loan-to-Value (LTV) ratio, Systematic Investment Plan (SIP), Extended Internal Rate of Return (XIRR), and Accounting Rate of Return (ARR). Additionally, decision analysis tools such as decision trees and multi-criteria decision-making frameworks can support strategic decisions in the complex maritime environment, aligning investment choices with broader organizational goals. These methods could provide deeper insights into the feasibility of maritime investment projects, which often have unique risk profiles and financial dynamics.
	460BMoreover, while NPV, IRR, and PB are commonly preferred for appraising capital investment projects in the shipping industry, there is a growing need to expand these models to incorporate advanced analytical techniques. Future models could integrate Markov chains, fuzzy logic, Bayesian statistics, Artificial Intelligence (AI), Deep Learning (DL), and Machine Learning (ML) approaches to enhance predictions and decision-making processes in project valuation, focusing on Net Present Value (NPV), Present Value (PV), Free Cash Flow (FCF), and Discounted Cash Flow (DCF). Advanced probability models, such as stochastic modeling, Monte Carlo simulations, and Markov Decision Processes, can offer profound ways to assess risks and forecast outcomes under varied market conditions. These models can help in understanding and managing the inherent uncertainties of maritime investments.
	461BIn addition, there is an urgent need to refine and expand the risk models used in this sector. The models discussed in this thesis were based on Value at Risk (VaR) and Modern Portfolio Theory (MPT). Future research could further develop these concepts by incorporating Marginal Value at Risk (MVaR), Conditional Value at Risk (CVaR), and Capital at Risk (CaR) models. These models would provide a more comprehensive framework for assessing risk both before and after investments are made, which is crucial for managing uncertainties in maritime economics.
	462BThe integration of operations research methods – such as linear and nonlinear programming, integer programming, network optimization, dynamic programming, and metaheuristic techniques (e.g., genetic algorithms and simulated annealing) – can substantially improve logistical efficiency and cost management. For example, linear programming can optimize fleet investment allocation and planning, while dynamic programming can enhance decision-making processes under uncertainty by breaking down complex decisions into simpler, sequential stages. This interdisciplinary approach will not only broaden analytical capabilities but also refine strategic decision-making processes in maritime finance, paving the way for more resilient and adaptive operations in the industry.
	463BAdvanced mathematical theories, including stochastic calculus, game theory, and advanced probability models, can provide deeper insights into the complex dynamics of maritime investments. For instance, stochastic calculus can help model the random behavior of market variables over time, while game theory can analyze strategic interactions between different market players, such as shipping companies and fuel suppliers.
	464BLastly, the evaluation of new fuels stands out as a pivotal area for future research, crucial for advancing sustainable practices within the maritime industry. This study has focused on three specific types of fuels: LNG, Scrubber + Heavy Fuel Oil (HFO), and Low Sulphur Fuel Oil (LSFO). While these fuels represent significant steps toward reducing maritime emissions, the evolving landscape of environmental regulations and technological advancements calls for a broader exploration of alternative fuels. Future research could extend its focus to include a wider variety of renewable and clean fuels, such as biofuels, hydrogen, ammonia, and methanol. Each of these fuels presents unique benefits and challenges in terms of production, storage, and impact on vessel design, all of which must be thoroughly assessed. Comprehensive analyses should examine the capital expenditures (CAPEX) involved in retrofitting or building new ships capable of utilizing these fuels, as well as the operational expenditures (OPEX) linked to their day-to-day use in maritime operations.
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