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ABSTRACT 

The recently introduced stricter sulphur reduction measures by the International Maritime 

Organization (IMO) are currently disrupting the shipping industry and are expected to 

substantially increase the total cost of shipping over the coming years. Therefore, ship owners 

have to determine the most efficient strategy for staying compliant with these environmental 

regulations while being faced with uncertainty in regard to the future development of fuel prices. 

This work investigates what insights can be derived from applying Real Options Analysis to ship 

owners’ investment project of installing exhaust gas cleaning systems (scrubbers) to container 

ships that currently run on compliant low-sulphur fuel. Specifically, this valuation method has 

been applied to a ship owner’s opportunity to retrofit a scrubber to a Post-Panamax container ship 

in order to remain compliant with the IMO’s stricter sulphur requirements while benefitting from 

lower bunker costs when the price spread between the compliant low-sulphur and traditional 

high-sulphur fuels is sufficiently large. 

This work finds that having the option to switch from using compliant fuel to installing a 

scrubber when the fuel price between becomes sufficiently large is worth around USD 1 million. 

Furthermore, the option’s value increases with ship size, which means that especially owners of 

larger container ships benefit from this flexibility. These insights can provide the basis for further 

research on decisions with regards to environmental regulation in shipping. Future studies are 

recommended to focus especially on compliance strategies for future carbon dioxide emission 

regulations, which will most likely keep the shipping industry busy over the next decades.  
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1 INTRODUCTION 

About 90% of world trade is carried out by the shipping industry, which gives it an essential role 

in facilitating world trade and providing global economic development and prosperity (ICS, 

2020). International shipping is the most cost-effective commercial mode of transporting large 

amounts of cargo around the world (Stopford, 2009). Nevertheless, the external environmental 

costs generated by the shipping industry are substantial: as in many other industries, vessel’s 

combustion of fossil fuels is closely related to anthropogenic emissions into the atmosphere 

(Abadie, et al., 2017). International shipping mainly uses heavy fuel oil, a residual product from 

the oil refineries, as bunker fuel. This causes negative external effects, as the combustion of 

heavy fuel oil in ship engines releases all different kinds of air pollutants (IMO GHG Study, 

2015).  

Key emissions are primarily of greenhouse gases (GHGs) such as carbon dioxide (CO2), methane (CH4) 

and nitrous oxide (N2O), but also other air pollutants such as sulphur oxides (SOx) and nitrogen oxides 

(NOx). In total, international shipping alone produces around 10.6 million tonnes of SOx 

annually, which corresponds to approximately 13% of global emissions (IMO GHG Study, 

2015). Due to this, air pollutants emitted from ships have become a substantial problem around 

the world. Such pollutants are under major scrutiny as they can be harmful to human health for 

exposed populations (Corbett et al., 2007; IMO GHG Study, 2015). In fact, over 90% of the 

world population lives in places with overly excessive air pollution levels, with some 3 million 

deaths a year linked to exposure to outdoor air pollution (WHO, 2018). Furthermore, these 

pollutants are also understood to negatively affect the local environment by causing acid rain and 

accelerating climate change (Eyring et al., 2010; Walker et al., 2019). 

In response to this issue, the International Maritime Organization (IMO) introduced a new 

environmental regulation on 1 January 2020 which aims at reducing air pollution from ships by 

limiting the sulphur content of ships’ fuel oil. This regulation, commonly known as IMO 2020 or 

the IMO 2020 Sulphur Cap, has lately become a prominent point of discussion within the 

shipping industry. 
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1.1 Problem Statement   

In addition to the already existing sulphur limit in ships’ fuel oil of 0.1% within designated sea 

areas, the international shipping industry now also has to deal with the globally applicable 

sulphur limit of 0.5%. IMO 2020 is currently disrupting the shipping industry, since most 

shipping companies are facing major operational and investment costs to keep their fleet 

compliant with the new requirements (Maersk, 2019a; Hapag-Lloyd, 2019). Due to IMO 2020’s 

relatively large impact on shipping operations compared to the previous sulphur regulations (an 

80% cut from the previously valid global sulphur limit of 3.5%), compliance costs are substantial 

and most likely have a significant effect on the total cost of shipping. In fact, IMO 2020 is 

estimated to increase annual total costs of the container shipping industry by between USD 5 

billion and USD 30 billion (OECD/ITF, 2016). German shipping company Hapag-Lloyd 

expects an additional fuel cost of USD 1 billion for the company per year (Hapag-Lloyd, 2019). 

As this environmental regulation just came into effect on 1 January 2020, the newly imposed 

stricter air emission requirements introduce new challenges for the entire shipping industry. For 

example, ship owners1  have to figure out which fuels their vessels should run on over the 

coming years, whether these fuels will be available where the vessels will predominantly trade, 

and what the cost implications from using fuels with lower sulphur contents will be.  

Overall, choosing the most efficient strategy that allows compliance with the IMO 2020 

regulation is of utmost importance to today’s ship owners. Over recent months, three 

compliance strategies have emerged as the major options (Figure I). With this regulation having 

recently been introduced to the shipping industry, deciding between the three major compliance 

options is a challenging endeavour faced by today’s ship owners in regard to irreversible capital 

investments with little experience in relation to the feasibility of the compliance strategies in 

question. 

 

 
1 This work regards a ship owner as an entity which owns a controlling share in one or more ships. 
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Figure I: Major IMO 2020 compliance options 

 
Source: Own representation. 

The straightforward solution for many shipping companies is to use compliant low-sulphur fuel 

oil (Strategy A). This strategy can be implemented by burning distillate fuels with a sulphur 

content of no more than 0.5%. Apart from relatively minor costs, such as cleaning the tanks 

from residues of the old bunker, no substantial upfront investment is required for the adaption 

of the vessel to this strategy. However, buying compliant low-sulphur fuels comes at a higher 

cost compared to purchasing traditional high-sulphur fuels: over the second half of 2019, the 

price spread between these two fuel types has widened significantly ahead of IMO 2020’s 

implementation at the beginning of 2020 (Figure II). 

Figure II: Historic price spread between low-sulphur and high-sulphur fuels 

 
Source: Own representation; historic fuel price data compiled from Clarksons Research and Ship & Bunker (as of January 2020). 

As shown in Figure II, the price spread between compliant and non-compliant marine fuels 

shows substantial signs of IMO 2020’s impact on the shipping industry. The price differential of 
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low-sulphur fuels over the cost of traditional ship bunker has risen by close to USD 200 per 

tonne from its level in July 2019 to today’s price spread: one tonne of IMO 2020 compliant low 

sulphur fuel oil (LSFO) nowadays costs about USD 300 more than the same quantity of the now 

non-compliant traditional high sulphur fuel oil (HSFO).2 In addition to this development, a high 

degree of uncertainty remains regarding the future development of the fuel prices and the 

resulting bunker price spread over the coming years: 

‘As demand and price are expected to drop for the non-compliant high sulphur fuel price, the price for lower 

sulphur fuel is, on the other hand, expected to increase, led by higher demand. However, […] it remains very 

uncertain how bunker prices for the compliant and non-compliant fuels develop.’ 

Maersk (2019a, page 17f.) 

As suitably summarized in the statement from Maersk’s financial report (Maersk, 2019a), ship 

owners and operators face significant uncertainty about the future price development of these 

marine fuels. It becomes clear from this statement that the price spread between compliant and 

non-compliant fuels will largely determine shipping companies’ decision of whether to follow the 

strategy of using low-sulphur fuels or not. Even though the fuel switch from traditional to low-

sulphur fuels itself is not a capital-intense procedure, the benefits can be quickly offset by higher 

bunker costs. Due to this, two alternative ways for complying with IMO 2020 have emerged as 

alternative strategies. 

The first alternative compliance strategy (Strategy B) compromises the installation of an exhaust gas 

cleaning system (scrubber) on board. A scrubber’s main purpose is to remove air pollutants from 

ships’ exhaust streams. Since scrubber-fitted ships can continue to burn the less environmentally 

friendly but cheaper conventional heavy fuel oil, this strategy is commonly understood as being 

the most feasible alternative to using compliant low-sulphur fuels, especially for large ships 

trading on long-distance trade routes. The second alternative compliance strategy (Strategy C) is to 

run ships on alternative marine fuels, such as liquefied natural gas (LNG). By using LNG, full 

 
2 Average of the fuel prices in multiple ports compiled from Clarksons Research and Ship & Bunker as of 10 January 
2020. For an overview of the individual fuel types and a descriptive analysis of the historic fuel price development, see 
Section 4.1 (Switching to Compliant Low-Sulphur Fuels). 
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compliance with today’s global sulphur limits can be achieved. This is because this fuel type 

contains no sulphur (Burel et al., 2013). While this sounds promising for ship owners, retrofitting 

the existing fleet to alternative fuels usually entails substantial investment costs (Acciaro, 2014), 

which makes this compliance strategy more of an outside option for many shipping companies 

compared to installing the considerably cheaper scrubbers (Hapag-Lloyd, 2019). 

The option of ship owners to switch from following Strategy A to one of the two alternative 

strategies in order to keep their ships compliant with IMO 2020 provides some degree of 

flexibility. They can either decide to continue with running their ships on low-sulphur fuels, or 

alternatively switch to Strategy B or C by committing to the required upfront capital expenditure 

(Capex) when the price spread between LSFO and HSFO is large enough.  

Flexibility along an investment project’s development is generally valuable when the future is not 

perfectly predictable (Trigeorgis, 1995). Thus, as this is the case with the implementation of IMO 

2020 in the shipping industry (for example, it cannot be perfectly predicted how the fuel price 

spread between LSFO and HSFO will develop over time), such flexibility plays a role in ship 

owners’ decision of how to keep their fleet compliant with IMO 2020 in the future. 

So far, previous studies on environmental compliance strategies in shipping have mainly focused 

on the suitability of the numerous emission reduction measures. 3  Moreover, only a limited 

number of studies have applied Real Options Analysis (ROA), which is often also denoted Real 

Options Valuation, to examine investment decisions related to these environmental compliance 

strategies. In particular, so far, no study has applied ROA to investigate the opportunity of 

switching over the coming years from using low-sulphur fuels to installing scrubbers in regard to 

IMO 2020 from the perspective of owners of middle-sized container ships. Therefore, this thesis 

aims to contribute to the academic body of knowledge by addressing this research topic. 

 

 
3 A review of the literature on environmental compliance strategies in shipping and the use of Real Options Analysis for 
valuing investment projects in the shipping industry is provided in Section 2 (Literature Review) of this work. 
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The presence of flexibility in ship owners’ decision of how to comply with environmental 

regulation and the recent development of the fuel price spread have led to the following research 

question, which this work will investigate more closely in order to add to the existing literature: 

 

 

RESEARCH QUESTION 

What insights can be derived from applying Real Options Analysis to ship owners’ 

investment opportunity of installing scrubbers on ships that currently run on  

compliant low-sulphur fuel? 

 

 

Ship owners, who have decided to initially comply with IMO 2020 by using compliant fuels, 

have to question whether switching to another compliance strategy might bring additional 

benefits with them. Nevertheless, switching to another strategy usually brings along significant 

initial investment costs with uncertain future cost savings. Therefore, the objective of this paper 

is to provide ship owners with an insight on under what circumstances the option of switching 

to another compliance strategy is of value. This analysis could enable ship owners to make more 

well-informed and rational decisions under the prevailing uncertainty about future bunker prices. 

Therefore, finding answers to this research question is highly relevant for shipping companies 

who currently face these investment decisions, or will be confronted with such an investment 

opportunity over the coming years. 

To summarise, this thesis aims to investigate ship owners’ investment opportunity under the 

prevailing uncertainty around the future bunker price spread development with regards to the 

recently implemented IMO 2020 Sulphur Cap. 

 



   13 

1.2 Delimitations and Research Design 

To narrow the research scope to this specific management challenge, a number of topic 

delimitations have been made, which are presented below. Subsequently, the envisaged process 

for investigating the problem statement with the aim of answering the research question will 

briefly be described. 

Narrowing the scope of this work 

First and foremost, this work has decided to focus on the container shipping industry, since 

particularly container ships are responsible for a large amount of global emissions compared to 

other ocean vessel classes (Corbett et al., 2009). As this thesis aims to investigate the reduction of 

SOx emissions from container ships, regulations concerning other air emission parameters (e.g. 

CO2, PM, NOx) and different shipping segments (e.g. Bulkers, Tankers, Multi-purpose) are 

considered to be outside the scope of this work and will thus not be further discussed. 

It is expected that the three major compliance options from Figure I differ substantially with 

respect to their suitability for owners of new container ships compared to existing container 

ships. Therefore, this work decided to limit its research focus to the existing container shipping 

fleet when assessing the individual compliance options in the conceptual part of this work.  

For practical reasons, this work has decided to select the compliance strategy of using low-

sulphur fuels as the base case. The investment project in this thesis will thus consist of the switch 

from this base strategy to another compliance strategy. It has been decided to specifically focus 

on the switch from using compliant fuels to investing in the installation of scrubbers, as so far 

ROA has not been applied to container ship owner’s option to switch from using low-sulphur 

fuels to installing scrubbers in regard to IMO 2020. While investigating an additional compliance 

strategy by applying the same valuation model would be desirable in order to broaden the 

research scope, this would likely create too many indirect effects in the quantitative analysis of 

this work. Since this study focuses on the operational and financial reasoning behind switching 

to investing in scrubbers, technical arguments are largely neglected.  
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Lastly, this thesis has decided to evaluate the investment opportunity of installing scrubbers 

specifically for a middle-sized container ship. This decision is motivated by the finding of 

Lindstad et al. (2017) that scrubbers are especially attractive for large ships, while LSFO is found 

to be the best fit for smaller vessels. However, owners of middle-sized container ships still face 

the management decision of which of the two strategies to choose. While this thesis will 

investigate the potential benefits from installing a scrubber on a middle-sized container ship, the 

size is later adjusted in order to determine the effect of a change in vessel size on the investment 

project’s value. 

Framework for finding answers to the research question 

In order to lay the foundation for adequately answering the research question, the process for 

selecting the research method and the existing literature on the use of the valuation method used 

in this work is presented. Subsequently, the functioning behind the seaborne transportation of 

containers and the upcoming environmental regulation regarding the sulphur content in ships’ 

fuels is discussed. Following on from this, the three most common compliance strategies, namely 

(Strategy A) Using compliant low-sulphur fuels, (Strategy B) Installing exhaust gas cleaning 

systems, and (Strategy C) Retrofitting vessels to use alternative fuels, are presented. 

In the analytical part of this work, a ship owner’s choice to switch from using low-sulphur fuels 

to one of the other IMO 2020 compliance strategies in order to reap the benefits from lower fuel 

prices is analysed through the use of Real Options Analysis. This valuation approach is chosen as 

a suitable econometric framework for this work because it accounts for the flexibility implied in 

ship owners’ investment decision and thereby expands traditional valuation methods.4 

The model of this work is used to value ship owner’s option to switch from using compliant 

low-sulphur fuels to investing in one of the other compliance strategies in order to benefit from 

lower fuel prices. Specifically, the ROA model applied in this work accounts for the flexibility 

implied in such an investment opportunity by weighing the costs of committing to the capital 

 
4 Section 5.3 (Real Options Analysis) introduces this valuation method in more detail. The literature on the application of 
Real Options Analysis to shipping is discussed in Section 2 (Literature Review) of this work. 
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investment against the benefits from using cheaper fuels over the course of the project. Since the 

model in this thesis is structured in such a way that only the price spread between compliant and 

non-compliant fuels over the next five years acts as a source of uncertainty, an in-depth 

examination of the collected historic marine fuel prices is carried out prior to the valuation of the 

option to switch. Based on the insights gained from the descriptive data analysis, this study 

develops two scenarios for the future price spread development. Subsequently, the applied 

valuation model as well as the assumptions made are presented and discussed. Finally, the results 

from the model will be presented, examined, and classified in the literature accordingly. 

All in all, the viability of ship owners’ flexible investment decision under uncertainty is evaluated 

in this work by accounting for the option to switch from one to another environmental 

compliance strategy. 

1.3 Thesis Structure 

The thesis is structured as follows. Section 2 reviews the existing literature on environmental 

regulation in shipping and the application of Real Options Analysis to the shipping industry. 

Section 3 provides a general understanding on how the container shipping industry functions and 

illustrates how it has been impacted by environmental regulations over the last few decades. A 

special focus is given to the most recent environmental regulation in shipping, namely IMO 

2020. Section 4 evaluates the three most common strategies for complying with the stricter 

sulphur limits and provides a comparative analysis of the similarities and differences between 

these compliance strategies. While Section 5 further introduces the concept of real options and 

discusses the advantages of ROA compared to traditional valuation methods, Section 6 applies 

this approach in order to value a ship owner’s flexible investment decision under uncertainty of 

retrofitting a scrubber to a middle-sized container ship in order to remain compliant the IMO’s 

stricter sulphur requirements while benefitting from lower bunker costs. Subsequently, the 

results will be presented and discussed. Lastly, Section 7 concludes this thesis. 
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2 LITERATURE REVIEW 

This section provides an overview of the existing literature with regards to environmental 

regulation of the shipping industry and the application of Real Options Analysis to shipping. 

Studies focusing on environmental regulation in shipping 

In general, achieving the strict emission requirements posed by current and future environmental 

regulation in shipping are difficult to meet with conventional engines and bunker fuels (Brynolf 

et al., 2014). Thus, over recent years, an increased number of research studies has investigated 

the adequacy of numerous emission reduction measures that have been introduced to the 

shipping industry.  

As one of the earlier studies in this research field, Endresen et al. (2007) investigate the historical 

development of fuel-based ship emissions by modelling fuel consumption for the period 1970 to 

2000. An assessment of the environmental performance of various fossil fuels is conducted by 

Bengtsson et al. (2011). Focusing on how the use of LNG as fuel for merchant ships affects 

operational costs and pollutant emission reduction, Burel et al. (2013) find that running a tanker 

vessel on LNG reduces operational costs by 35% and leads to significant pollutant emission 

reductions. Pfoser et al. (2018) point out that the acceptance of LNG as an alternative fuel is 

influenced by its accessibility, attitude, usability and usefulness. Deniz & Zincir (2016) conduct 

an environmental and economical assessment of various alternative marine fuels. While LNG is 

found to be the most suitable alternative and hydrogen having some potential for the future, 

Methanol and Ethanol are considered not to be suitable options. Van Biert et al. (2016) discuss 

the application of fuel cell systems to reduce pollutant emissions from shipping. Rehmatulla et al. 

(2017) argue that certain wind assisted propulsion technologies (i.e. flettner rotors, kites, and 

sails) have one of the largest potentials for reducing emissions from ships, conditional on the 

design of the ship, the operating speed, as well as the wind speeds and directions experienced. 

They conclude, however, that certain barriers (predominantly imperfect information, split 
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incentives and access to capital) hinder the ultimate implementation of wind assisted propulsion 

technologies. 

With regard to the investment in scrubbers in order to comply with stricter environmental 

regulations, some research has previously been carried out in this field of study. The particularly 

relevant studies in this research field are presented in the following. 

Jiang et al. (2014) conduct a cost-benefit analysis of two different sulphur reduction measures, 

namely scrubbers and marine gas oil. In contrast to many other studies in this field, they also 

account for social environmental benefits that result from ship emission reduction in order to 

facilitate decision-making for regulators. They argue that the price spread between compliant and 

non-compliant fuels determines which reduction measure should be chosen. Based on their 

assumptions, Jiang et al. (2014) conclude that a ship with less than four years of remaining useful 

life is not suitable for a scrubber installation. Moreover, they argue that an investment in 

scrubbers is more beneficial for newbuildings than for existing ships.  

Panasiuk & Turkina (2015) compare retrofitting scrubbers on existing vessels with the use of 

LSFO. As each of these options requires additional costs, they argue that a comparison of such 

technologies should be viewed as an investment case. Furthermore, Lindstad & Eskland (2016) 

investigate IMO’s regulatory rules for the shipping industry and focus in particular on open- and 

closed-loop scrubbers 5  as potential abatement options. They argue that the adoption of 

scrubbers carries the risk of deflecting important development of clean fuels and other 

promising compliance options.  

Lindstad et al. (2017) compare the use of LSFO with the installation of scrubbers as potential 

compliance options specifically for the existing shipping fleet. They find that following the low-

sulphur fuel strategy is especially attractive for smaller vessels, while installing scrubbers is 

identified as an attractive strategy for larger vessels. Their finding is mainly driven by larger ships’ 

higher fuel consumption, as the fuel cost savings from the installation of scrubbers to use high-

sulphur fuels increases with ship size. Lindstad et al. (2017) argue that the role of scrubbers for 
 

5  An introduction to the three most common scrubber systems (open-loop, closed-loop, and hybrid scrubbers) is 
presented in Section 4.2 (Installing Scrubbers) of this work. 
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large vessels will be reduced when the price spread between LSFO and HSFO decreases, while 

an increase would reduce the role of low-sulphur fuels for smaller ships. 

Abadie et al. (2017) also focus on the decision to invest in the installation of scrubbers. They 

show that the scrubber investment decision is, amongst others, affected by fuel prices, trading 

areas, and the remaining useful lifetime of the ship. It is noted that accurately forecasting future 

fuel costs predominantly determines whether the findings are internally valid. To account for the 

uncertainty of future fuel price developments which comes with most investment decisions in 

relation to IMO 2020, Abadie et al. (2017) use a stochastic model to estimate future marine fuel 

prices. They obtain these prices by applying the stochastic differentials between historic marine 

fuel prices and oil prices to future crude oil quotas. They assume that ships with scrubbers have 

slightly higher fuel consumption6 and argue that compliance options that imply high investment 

costs (for example, converting or replacing a container ship's engine to run it with alternative 

fuels) are primarily suitable for newbuildings. Overall, the findings by Abadie et al. (2017) suggest 

that the longer the remaining useful lifetime of a ship and the longer it trades inside emission 

control areas (ECAs), the more attractive it becomes to invest in scrubbers compared to switching 

from non-compliant to compliant fuels. 

Real options theory and the application to shipping 

One of the earliest and most popular studies focusing on the valuation of real options in general 

is Brennan & Schwartz (1985), which evaluates the option to close a copper mine. Additionally, 

the work by McDonald & Siegel (1986) studies the option to defer an irreversible investment. 

The authors show that the option’s value can be substantial when assuming uncertainties in both 

investment costs and benefits. This indicates that when a real option is present in an uncertain 

environment, its value should be taken into account in the decision process. Dixit (1989) 

calculate trigger prices for firm's entry and exit decisions under uncertainty.   

 
6 As further discussed in Section 6.2 (Assumptions for the Input Parameters) of this work, the idea of higher fuel consumption 
for scrubber-fitted vessels is adopted as an assumption for the research model used in this thesis. 
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In the past, Real Options Analysis has been widely applied to evaluate all kinds of investment 

decisions, but only rarely to the shipping industry.7 Nevertheless, real options can also be found 

in shipping, as many business decisions of ship owners and operators imply a certain degree of 

flexibility. For example, a ship owner’s decision to invest in new ships typically implies some 

degree of flexibility: the owner is not obliged to immediately commit to the Capex required for 

the newbuilding order, but can postpone his decision with the aim of waiting for the newbuilding 

prices to come down in the meantime. With regards to its application to shipping, ROA is most 

often used to evaluate the option to invest in new ships, which is one of the most elementary 

decisions for many shipping companies. For example, Dikos & Thomakos (2012) propose and 

test various structural models of newbuilding investment orders for oil tankers. Pires et al. (2012) 

focuses on the possibility of abandoning a project with regards to an investment in an oil tanker. 

Rau & Spinler (2016) use ROA to evaluate how optimal container shipping capacity is influenced 

by, amongst others, competitive intensity of the container shipping industry. Kou & Luo (2018) 

use ROA as a complement to the traditional Net Present Value (NPV) method in order to study 

ship investment decisions in a cyclical and uncertain market. The derived freight rates which 

make the ship investment profitable, in their work denoted as trigger rates, are found to be the 

driving force behind investment behaviour. Kou & Luo (2018) conclude that investment 

decisions can be made based on the current freight rate and the trigger rates derived from both 

NPV and ROA. 

Apart from its application to ship investment decisions, ROA has also been applied to account 

for other kinds of real options to be found embedded in shipping companies’ business projects. 

For example, Bendall & Stent (2003, 2005) evaluate the additional value of flexibility in a capacity 

expansion decision at a shipping company by using both traditional valuation techniques and the 

ROA model. They conclude that ROA can capture the additional flexibility of the shipping 

operations. Sødal et al. (2008) use ROA to model the switch between two different shipping 

segments for a multi-purpose vessel. Jørgensen & De Giovanni (2010) study different styles of 

time charter contracts which include purchase options. Tsekrekos & Kavussanos (2010) 

 
7 Trigeorgis (1995) provides an overview on the general real options literature. Furthermore, a comprehensive review of 
the application of Real Options Analysis to the shipping industry is conducted by Alizadeh & Nomikos (2009). 
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formulate the opportunity to change the flag for a vessel as a switching option under the 

assumptions of uncertainty and costly reversibility. 

Acciaro (2014) is one of the few studies that focuses on real options embedded in investment 

projects for environmental compliance in the shipping industry. The study applies ROA to 

account for the uncertainty associated with upcoming environmental regulations in the shipping 

industry. The study investigates at what point in time retrofitting a feeder ship with LNG to 

comply with new regulations makes economic sense. Acciaro (2014) finds that the retrofit to 

LNG does not make economic sense today. However, the findings suggest that investing in the 

retrofit of existing container ships to LNG should not be ruled out for the near future, with the 

attractiveness mainly depending on fuel prices, retrofit capital costs, and time of investment. 
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3 ENVIRONMENTAL REGULATION IN 

CONTAINER SHIPPING 

While this thesis is not specifically concerned with the functioning of the container shipping 

industry itself, a general understanding of how the seaborne transportation of containers works 

and why environmental regulation is becoming an increasingly important topic is inevitable for 

adequately answering the research question. Therefore, the purpose of this section is to give a 

high-level introduction to container shipping while focusing in particular on the recently 

introduced sulphur regulation to the shipping industry, commonly known as the IMO 2020. 

3.1 Container Shipping 

These days, over 6,000 container ships operate all over the world, with the largest of them being 

able to transport over 20,000 standard containers (Alphaliner, 2020).  

Historically, container ships have played a huge role in supporting the growth of intra-regional 

and international trade by providing a cost-efficient form of commercial transport (Stopford, 

2009). Until the late 1950s, most general cargo transported by sea was loosely packed into a 

ship’s hold. From today’s perspective this was highly inefficient, since it required high labour 

input and constrained the vessel’s usage due to long idle periods in the harbour. Manually 

packing all cargo into sacks and wooden boxes, which then had to be loaded into the vessel’s 

hold, typically took more than one week. As a result, this inefficiency gave rise to one of the 

largest process innovations in shipping: standardized intermodal containers. 8  This solution 

enabled liner carriers9 of that time to unitize general cargo in order to reduce vessels’ port time.  

Seaborne container transport has its origin in 1956 with the modified World War II oil tanker 

Ideal X sailing from the port of Newark, New Jersey to the port of Houston, Texas (Stopford, 

2009). The vessel carried 58 shipping containers on this voyage, making it one of the world’s first 
 

8 This historic development is commonly known as the container revolution. 
9 Shipping companies that provide transportation services on fixed routes with regular schedules between ports are 
referred to as liner carriers. 
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container ships (Stopford, 2009). After a few years of technical improvements, individual items 

were then placed in standard twenty-foot boxes, which in turn were loaded onto the ship. This 

newly introduced transport system is commonly known as containerization. However, in the 1960s, 

containerization was indeed a risky and capital-intense undertaking (Poulsen, 2010). Among 

other things, it required companies to invest in new equipment, container ships and suitable port 

infrastructure to transfer the containers, all of this despite the prevailing uncertainty as to 

whether this new way of organizing transport would establish itself.  

Nevertheless, the process innovation’s benefits largely outweighed the capital investments over 

time: containerization greatly reduced unit costs, predominantly by taking advantage of 

economies of scale through an increased amount of cargo transported per vessel (Porter, 1980), 

but also by replacing expensive manual labour with cheaper capital equipment such as harbour 

cranes (Stopford, 2009). In addition, the containerization of general cargo increased the speed of 

seaborne transportation, reduced cargo damages and enabled the seamless transfer of cargo 

between road, rail and sea (Stopford, 2009). Overall, containerization managed to standardise 

liner shipping and thereby made the seaborne transport of general cargo a more uniform product 

(OECD/ITF, 2018). 

These days, container ships are used to carry out the seaborne transportation of general cargo 

between and within industrial regions (Stopford, 2009). Due to this, the fundamental driver of 

demand in today’s container shipping industry is quite simple: as long as there are goods and 

products created in one part of the world which are needed on a consistent basis in another part 

of the world, it is likely that demand for container ships’ will continue to exist. On the other 

hand, the container shipping industry’s supply side is mainly driven by freight rates, whose 

respective level, amongst others, incentivises ship owners to adjust the supply of their container 

ships to the market. In times when freight revenues far exceed operational costs, shipping 

companies typically order new container ships to increase their future freight earnings. Ship 

scrapping, which describes the process of removing often older ships from the fleet, typically 

takes place when it is no longer possible to operate the ship profitably over a longer period of 

time. 
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Large vs. small container ships 

The size of a container ship is measured by the number of twenty-foot equivalent units (TEU) it can 

carry, with one TEU being the size of a regular cargo container. As of this date, the global fleet 

compromises about 6,150 container ships with total cargo capacity of around 23.6m TEU 

(Alphaliner, 2020).  

Large container ships are typically used to carry manufactured and consumer goods packed in 

intermodal shipping containers on longer-haul main trades. These are the highly frequented trade 

routes between the large industrial regions of Asia, Europe and the United States of America. On 

these routes, liner shipping companies compete with the air freight industry for premium cargo 

such as electronic goods, automotive spare parts, and other high-value commodities (Stopford, 

2009). The transport of general cargo by air is usually faster, but also more expensive.  

Supplementing the deep-sea shipping carried out by larger container vessels, smaller container 

ships (< 3,000 TEU; commonly known as feeder ships) tend to handle the shorter-haul cargo 

redistribution within such regions. This is mainly because the large container ships can no longer 

call at all ports due to their draft. As intermodal containers can also be redistributed to their final 

destination by barge, rail or truck, feeder shipping services stand in direct competition to these 

alternative means of transportation. For example, short sea shipping only moves 32% of goods 

within the EU, compared to 42% by road transport (ECSA, 2019). 

Liner shipping 

Out of the global liner shipping activity, container transport currently represents the largest share 

(OECD/ITF, 2018). Given the predominant advantages of containerization, many companies 

perceive the use of container ships as the most financially effective way of transporting large 

amounts of general cargo around the world and on intra-regional trade routes (ICS, 2020). For 

example, electronic product manufacturer from Asia likely have a need for cheap, secure and 

reliable cargo transportation in order to provide their customers at retail destinations around the 

world with televisions, computers, smartphones and home appliances.  
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Today’s container shipping companies meet this demand by offering various scheduled liner 

services from Asia to Europe and the US. One of these companies is Maersk, which serves the 

electronics and appliances industry, among others, with regular container shipping services from 

East Asia. For example, Maersk’s shipping service AE6 Westbound offers regular cargo 

transport from Busan, South Korea to Antwerp, Belgium, lasting 35 days with multiple port calls 

along the way (Maersk, 2019b). By providing transportation services to such a broad variety of 

clients around the globe, container shipping forms the elementary basis for the viability of many 

other industries and international trade. Without the regular transportation services provided by 

the major container shipping companies, multinational corporations would likely find it difficult 

to ensure a cost-efficient transport of all the manufactured goods to retail destinations around 

the world. This makes the container shipping industry the lifeblood of the global economy. 

Table A: Fleet structure of the six largest container liner carriers 

Rank Company name and country of origin 
Total capacity10  

(# of ships) 

Capacity supplied by self-

owned ships (# of ships) 

#1 Maersk Denmark 4.2m (710) 56.1% (314) 

#2 MSC Switzerland 3.8m (563) 27.8% (178) 

#3 COSCO-OOCL China / HK 2.9m (482) 52.8% (174) 

#4 CMA CGM France 2.7m (508) 37.0% (126) 

#5 Hapag-Lloyd Germany 1.7m (240) 61.0% (111) 

#6 ONE Japan 1.6m (222) 34.3% (75) 

Source: Alphaliner Top 100 Ranking (Alphaliner, 2020). 

To ensure that sufficient ships are available to carry out the transport service, it is common 

practice of the major liner carriers to charter in container ships. Additionally, most of the major 

carriers also own (at least some of the) ships in their fleet. As shown in Table A, the major six 

liner carriers all have a container ship fleet that consists of both owned and chartered ships. The 
 

10 TEU capacity available on-board operated ships; figures based on existing fleet and orderbook (Alphaliner, 2020). 
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majority of liner carriers seems to look for the right balance between chartered and self-owned 

vessels. By chartering in container ships, they can remain flexible in their operations while 

mitigating some downside risk due to not having the legal ownership of these assets (Stopford, 

2009). On the other hand, by owning container ships, they can keep (at least in part) the upside 

potential from rising asset values in the future (Stopford, 2009). 

It appears from Table A that some of the major liner carriers follow quite an opposing strategy 

when it comes to owning or chartering the assets required for running their shipping 

transportation services. As an example, German liner shipping company Hapag-Lloyd operates a 

fleet of 240 container ships with total capacity of 1.7m TEU, of which over 60% is supplied by 

self-owned vessels (Alphaliner, 2020). Contrary to this, the Mediterranean Shipping Company 

(MSC) from Switzerland operates a fleet of 563 container ships that provide a total capacity of 

3.8m TEU, but supplies less than 30% of its capacity with self-owned container ships 

(Alphaliner, 2020). The comparison of Hapag-Lloyd’s with MSC’s fleet structure illustrates how 

there is not just one generally applicable answer to the question of which balance between 

chartered and self-owned vessels is most efficient. 

3.2 Environmental Regulation 

Over the last few decades, environmental regulation has become a present topic in the shipping 

industry with the recent introduction of the stricter sulphur limits by the IMO, a United Nations 

agency which has been working since the 1960s to control the harmful impact of ships’ pollution 

on the environment.11 On a global scale, the IMO is responsible for the safety and security of 

shipping and the prevention of marine pollution by ships. Most of its work is carried out in a 

number of committees and sub-committees, of which one is the Marine Environment Protection 

Committee (MEPC) that was established in 1973. The MEPC addresses and co-ordinates all sorts 

of environmental issues in the shipping industry under the IMOs remit. 

 
11 The IMO currently has 174 Member States and three Associate Members and receives advice from numerous non-
governmental international organizations (IMO, 2019e). See Appendix A for an overview on all IMO Members. 
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MARPOL 

To prevent the pollution of the marine environment by ships from operational or accidental 

causes, the International Convention for the Prevention of Pollution from Ships (MARPOL) was adopted 

by the IMO in 1973 and ultimately entered into force in 1983. As shown in Table B, this 

convention was initially intended to prevent the marine pollution by oil. 

Table B: Overview of the regulations included in MARPOL Annex I - VI 

Title Aim of included regulations 

Annex I (October 1983) - 

Prevention of Pollution by Oil 

Preventing pollution by oil from operational measures as well as from 

accidental discharges. Later amendments to Annex I made it mandatory for oil 

tankers to have double hulls. 

Annex II (October 1983) - Control 

of Pollution by Noxious Liquid 

Substances in Bulk 

Introducing discharge criteria and measures for the control of pollution by 

noxious liquid substances carried in bulk. Some 250 substances were evaluated 

and included in the list appended to the Convention. 

Annex III (July 1992) - Prevention 

of Pollution by Harmful Substances 

Carried by Sea in Packaged Form  

Setting general requirements for the issuing of detailed standards on packing, 

marking, labelling, documentation, stowage, quantity limitations, exceptions and 

notifications for preventing pollution by harmful substances. 

Annex IV (September 2003) - 

Prevention of Pollution by Sewage 

from Ships 

Introducing requirements to control pollution of the sea by sewage. 

Annex V (December 1988) - 

Prevention of Pollution by Garbage 

from Ships 

Specifying the distances from land and the manner in which different types of 

garbage may be disposed of. One of the most important features of the Annex 

is the complete ban imposed on the dumping into the sea of all forms of plastic. 

Annex VI (May 2005) - Prevention 

of Air Pollution from Ships 

Limiting SOx and NOx emissions from ship exhausts, as well as particulate 

matter, and prohibiting deliberate emissions of ozone depleting substances. 

Emission control areas set more stringent standards. 

Source: International Maritime Organization (IMO); ECG (2013). 

Over the last few decades, six annexes were added to MARPOL and subsequently amended 

many times (Table B). This was done to also prevent and minimize marine pollution from other 

sources than just oil, such as chemicals, sewage, garbage and emissions from ships. According to 

the IMO, MARPOL currently applies to 99% of the world’s merchant tonnage (IMO, 2019a). 

However, not all annexes have been ratified by the member states yet (IMO, 2019b). 
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Annex VI - Prevention of air pollution from ships 

As the latest annex to date, Annex VI (Prevention of Air Pollution from Ships) was added to 

MARPOL in 1997 and entered into force in 2005. It has since been kept updated with relevant 

amendments. The regulations included in this annex seek to minimize airborne emissions from 

ships and their contribution to local and global air pollution and environmental problems. In 

particular, regulations in Annex VI aim at progressively reducing air pollutants contained in 

ships’ exhaust gas.  

Resulting from the combustion of fuels as a by-product, SOx and NOx play indirect roles in 

tropospheric ozone formation and aerosol warming at regional scales (IMO GHG Study, 2015). 

Emissions of NOx and SOx from international shipping represent approximately 13% and 12% 

of global emissions, respectively (IMO GHG Study, 2015). Therefore, as already mentioned 

previously, the reduction of these air pollutants is of great importance in order to improve air 

quality and protects the environment. To further intensify efforts, several changes were made to 

Annex VI over the years. The revised version of Annex VI to MARPOL was adopted in 2008 

and ultimately entered into force in July 2010. Amongst others, it introduced even stricter SOx 

and NOx emission standards applicable for ships operating in selected sea areas which are 

typically subject to heavy marine traffic (Figure III). 

Figure III: Designated emission control areas 

 
Source: Exhaust Gas Cleaning Systems Association (EGCSA). 
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As of today, the Baltic Sea, the North Sea including the English Channel, parts of the North 

American coast, as well as some coastal waters located in the Caribbean Sea, are defined by the 

IMO as emission control areas (IMO, 2019c). Inside ECAs, the content of air pollutants in ships’ 

fuel oil is strictly regulated. To be more specific, ships trading in these sea areas are currently 

required to burn marine fuels with a sulphur content of no more than 0.1% (IMO, 2019c). 

3.3 The IMO 2020 Sulphur Cap 

A large proportion of the global container ship fleet has been running heavy fuel oil for a long 

time. However, this conventional fuel type is highly polluting (Eyring et al., 2010). Compared to 

other fuels, it contains a relatively high proportion of sulphur which is directly emitted with the 

ships’ exhaust gases. According to OECD/ITF (2016), ships generate approximately 5-10% of 

all anthropogenic sulphur emissions at a global level, which is equivalent to about 7-15 million 

tonnes on average per year.  

Sulphur emissions 

Sulphur dioxide (SO2) belongs to the group of sulphur oxides (SOx) and is a colourless toxic gas 

with a sharp odour. SO2 gets into the air from burning fossil fuels (coal and oil). The largest 

emitters of SO2 are amongst others power plants, industrial processes, and ships (EPA, 2019). 

What makes SO2 such a prominent topic these days is its potential effect on human health and 

the environment. According to the World Health Organization (WHO, 2018) and the US 

Environmental Protection Agency (EPA, 2019), exposure to SO2 can make breathing difficult by 

harming the human respiratory tract, cause cardiac diseases, and aggravate asthma and chronic 

bronchitis. By reacting with other atmospheric compounds, SO2 contributes to the formation of 

particulate matter, which is also understood to be a major threat to human health. In addition, 

acid rain resulting from the combination of SO2 with water can damage foliage and decrease 

growth of trees and plants. This can ultimately cause substantial deforestation and significantly 

harm the global ecosystem. Overall, SOx particles negatively affect the quality of soils and 
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groundwater, especially in areas that are in direct proximity of coastal lines since approximately 

70% of ship emissions occur within 700km of coastlines (Eyring et al., 2010). 

Due to this, the current container shipping traffic directly affects human health and the global 

environment in a negative way and has called for further regulation. Since SOx emissions are 

dependent on the sulphur content of marine fuels, such emissions can immediately be reduced 

for the running fleet.  

The new sulphur regulation 

Given the high urgency to get the problem of air pollution from ships under control, the revised 

Annex VI to MARPOL introduced an even stricter limit for the SOx content in fuel oil used by 

ships around the globe. It is supplementary to the already implemented strict limits within ECAs. 

The new regulation requires vessels to burn fuels with a sulphur content of no more than 0.5% 

when operating outside designated ECAs. For simplicity’s sake, the regulation is referred to as 

the IMO 2020 Sulphur Cap, or simply IMO 2020, in this paper. 

Figure IV: Historic development of the sulphur content limit inside and outside ECAs 

 
Source: Own representation. 
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For a better understanding of how the limits have changed in the past, Figure IV illustrates the 

development of the respective effective sulphur content limits (inside and outside ECAs) over 

time. The initial sulphur limit outside designated ECAs was set at 4.5% until 2012. By then, new 

regulation has established that ships’ fuel oil is prohibited to exceed the sulphur content level of 

3.5%. Subsequently, the MEPC agreed at its 70th Conference held in October 2016 that an even 

stricter limit on the sulphur content in ship fuels will be implemented (MEPC, 2019).12 The new 

IMO 2020 Sulphur Cap, which introduced a global sulphur limit of 0.5%, became effective at the 

beginning of this year. It represents a cut of over 80% from the previous limit, which indicates 

how disruptive this new regulation is for the international shipping industry compared to 

previous regulations. 

  

 
12 As confirmation of this announcement, the MEPC has again confirmed the date at its 73th Conference held in October 
2018 (MEPC, 2019). 
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4 STRATEGIES FOR COMPLYING WITH IMO 2020 

To create a solid knowledge base for understanding the analysis conducted in this work, this 

section evaluates the three most common strategies for complying with the IMO 2020 Sulphur 

Cap, namely (Strategy A) Switching to compliant low-sulphur fuels, (Strategy B) Installing 

scrubbers, and (Strategy C) Retrofitting vessels to use alternative fuels. The section is ended by 

an analysis of the similarities and differences between the strategies. 

4.1 Switching to Compliant Low-Sulphur Fuels (Strategy A) 

One of the largest and most volatile expense items for shipping companies is marine fuel 

(Maloni et al., 2013), with a ship’s main engines being the dominant fuel consumer consistently 

for all ship types (IMO GHG Study, 2015). In general, the cheapest way to power container 

ships is the use of heavy fuel oil, a residual fuel formed during the distillation of crude oil. 

Storing heavy fuel oil is only possible at specific temperatures and also requires heating before 

the combustion due its high viscosity. 

To achieve various specifications and quality levels which comply with current environmental 

regulations, heavy fuel oil is typically blended with lighter fuels. Marine fuels are traditionally 

classified according to their viscosity (Stopford, 2009). For simplicity and better applicability to 

the topic of environmental regulation, this work instead categorised the resulting marine fuels 

according to their sulphur content as either HSFO or LSFO. As these terms are not uniformly 

defined, this work groups all IMO 2020 compliant fuels with a sulphur content of 0.5% or less 

under LSFO. The respective classifications can be found in Table C.  

To reduce the fuel bill as much as possible, running ships on the relatively cheap but 

environmentally harmful HSFO has been common practice for a long time in container shipping. 

On 1 January 2020, this practice has changed. As the IMO 2020 Sulphur Cap reduces the 

sulphur content limit from 3.5% to 0.5%, HSFO is not compliant anymore due to its overly high 

sulphur content. Therefore, this fuel type is no longer a viable option. 
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Table C: Most common marine fuel types categorised according to their sulphur content 

Marine fuel type Max. sulphur content 

High sulphur fuel oil (HSFO),  

Marine diesel oil (MDO), a blend of residual and distillate oil 

Intermediate fuel oil (IFO) 380, ~98% residual oil and ~2% distillate oil 

Intermediate fuel oil (IFO) 180, ~88% residual oil and ~12% distillate oil 

3.5% 

Low sulphur fuel oil (LSFO) 

Very-low sulphur fuel oil (VLSFO(0.5% S)) 

Marine gas oil (MGO(0.1% S)) 

Ultra-low sulphur fuel oil (ULSFO(0.1% S)) 

0.5% 

Source: Own representation. 

In order to reduce sulphur emissions and thereby comply with IMO 2020, operators can, 

however, shift to marine fuels with a lower sulphur concentration. Since LSFO has a sulphur 

content of no more than 0.5%, container ships that switch to this fuel type can keep operating 

outside designated ECAs from 2020 onwards. However, implementing the fuel switch can be a 

big challenge for ship operators with regards to fuel procurement and engine compatibility. 

Especially the timely consumption of already fuelled HSFO without risking technical difficulties 

gives cause for concern, as operators would have to pay someone to take the then non-compliant 

bunker fuels off the ship. Also, to not cause any technical problems when using new fuels, the 

ships’ bunker tanks need to be cleaned before the switch happens and higher working capital is 

needed to acquire inventories of the new fuel. 

Marine gas oil 

Out of the LSFO fuels that have long been available in shipping, the pure distillate marine gas oil 

(MGO) is one of the most frequently used types. MGO(0.1% S) consists exclusively of distillates, 

which is why, unlike heavy fuel oil, it does not have to be heated during storage. Due to its 

relatively low sulphur content of just 0.1%, MGO(0.1% S) is compliant with the IMO 2020 sulphur 

limit of 0.5%, but can also be used when operating inside ECAs where the sulphur limit is even 
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more stringent. Its broad availability is another advantage. Container ships have already been able 

to bunker MGO(0.1% S) at most ports for many years. Due to this, most container ship operators 

already gained experience with this marine fuel type and had the opportunity to perform 

numerous tests on whether the ships’ engines can cope with the change from HSFO to 

MGO(0.1% S).  

Very-low sulphur fuel oil 

Alternative to using MGO(0.1% S), operators can also switch to very-low sulphur fuel oil (VLSFO), 

which is a newly developed bunker especially for complying with IMO 2020. It has a sulphur 

content of 0.5% and became available over the course of 2019, initially only in larger container 

ports (Ship & Bunker, 2020). As VLSFO(0.5% S) has only been developed over the last few years, 

the pricing of this fuel type has just started in the middle of 2019. From the perspective of 

container ship operators, the future attractiveness of VLSFO(0.5% S) is based on its price 

differential to MGO(0.1% S). A larger price difference would incentivise more operators to choose 

VLSFO(0.5% S) over MGO(0.1% S). 

There are certain drawbacks for switching to LSFO, such as the high uncertainty about 

availability and compatibility. Also, it has not yet been conclusively clarified whether sufficient 

compliant fuels will even be available when the regulation comes into effect in 2020. While 

HSFO(3.5% S) is a natural by-product of the production process of most refineries, increased 

demand caused by IMO 2020 for both VLSFO(0.5% S) and MGO(0.1% S) might ensure sufficient 

supply in the major bunkering ports. According to the International Energy Agency (IEA), 

refineries will have sufficient capacity to make the compliant fuel oil available. 

4.2 Installing Scrubbers (Strategy B) 

The IMO 2020 Sulphur Cap allows the continued use of HSFO if the ship is fitted with an 

exhaust gas cleaning system, commonly known as scrubber. Its main purpose is to remove SOx 

from ships’ exhaust streams. Scrubbers are understood to reduce 90-99% of SOx (Panasiuk & 



   34 

Turkina, 2015). With this technology onboard, most of the sulphur content is thus not emitted 

along with the ship’s exhaust gas. Due to the reduction of sulphur emissions, a big advantage is 

that scrubber-fitted container ships can sail within ECAs while still burning HSFO. 

The functioning of scrubbers is illustrated in Figure V. Its functioning is quite simple: exhaust gas 

with a sulphur content of over 0.5% enters the scrubber, is treated accordingly, and finally leaves 

the scrubber with a sulphur content of considerably less than 0.5%. The scrubbers’ working 

principle has been around for more than 60 years, mostly used in shore-based industries such as 

energy generation (Lloyd’s List, 2019a). A scrubber system on board a ship sprays the vessel’s 

exhaust gas with either exclusively sea water or a mixture of sea water and caustic soda. These 

procedures are used to neutralise the emissions contained in the exhaust gas. After this process, 

the exhaust gas is cleaned of sulphur oxides and therefore ready to be ejected into the air without 

taking the risk of violating the IMO 2020 environmental regulation. 

Figure V: Scrubber systems - open-loop (lhs) and closed-loop (rhs) 

 
Source: DNV GL (2019). 

Overall, three different scrubber systems are available for retrofitting a container ship, of which 

all are based on the same technological process. 

(1) The most basic variant is an open-loop scrubber system, which uses sea water to clean the ship’s 

exhaust gas. This process is thus commonly known as seawater scrubbing. Seawater is 

alkaline by nature. Therefore, no hazardous chemicals are required for cleaning the exhaust 
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gas. However, open-loop scrubbers discharge the resulting wastewater directly back into the 

sea. The contaminated water must meet strict requirements before being discharged into the 

sea, with several ports in Europe and the United States completely prohibiting the release of 

open-loop water.  

(2) Alternatively, a closed-loop scrubber system continuously recirculates most of the wash water in 

the cleaning process, which is why the process is commonly known as freshwater scrubbing. 

By storing the contaminated wash water in tanks, the closed circulation process allows ships 

to operate even within environmentally protected areas.  

(3) Combining the two systems within a single unit, a hybrid scrubber system enables ship operators 

to switch between the open and closed loop mode whenever necessary. Therefore, hybrid 

scrubbers are the most flexible and advanced types.  

Overall, all three scrubber systems fulfil the new international standard on sulphur emissions 

from ships introduced by the IMO 2020 regulation. Additionally, all three scrubber technologies 

allow ship operators to be compliant with the already existent 0.1% sulphur limit inside ECAs. 

Nevertheless, for all three scrubber systems, an additional fuel expense per tonne occurs for the 

energy (fuel) required for running the scrubber, for chemicals, and for the deposit of waste 

(Lindstad & Eskeland, 2016). In addition, a high degree of uncertainty stems from the potential 

risk of a scrubber failure, as the applicable environmental regulations would in that case not be 

complied with. 

In addition to many technical and commercial considerations, answering the question of whether 

scrubbers have a positive or negative environmental impact (taking into account both air 

emissions and water discharges) is very important for both ship owners and operators. Although 

scrubber systems are a well-tested technology on land and are known to significantly reduce air 

emissions when running on HSFO (Jiang et al., 2014), the release of contaminated wash waters 

into the marine environment when using open-loop scrubbers gives cause for concern. For 

example, Lindstad & Eskeland (2016) argue that acidification in coastal areas increases due to the 

sulphur being washed out directly into the sea instead of being spread through winds and 
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precipitation in a larger region. An environmental analysis from the IVL Swedish Environmental 

Research Institute studied the effects of both open and closed scrubbing systems on the 

environment (IVL, 2019). The study found that the effluent waters from scrubber systems are an 

environmental risk in areas of heavy traffic (IVL, 2019). A study on the impacts of scrubbers on 

the environmental situation in ports and coastal waters, which was carried out on behalf of the 

German Federal Environmental Agency in 2015, concludes that imposing limitations of 

wastewater discharge is the best way to prevent the potential damage resulting from the use of 

open-loop scrubbers (UBA, 2015). On the basis of the criticism around open-loop scrubbers, 

some countries subsequently have decided to restrict the use of these scrubber systems in their 

territorial waters, with numerous individual ports reportedly also having banned or restricted 

open-loop scrubbers (Reuters, 2019). In areas where open-loop scrubbers are not permitted, 

ships that enter such areas are obliged to use compliant fuel oil (NRF, 2019). 

Fitting a scrubber was initially meant to take up to one month per ship. However, the installation 

process turned out more complicated than expected for some owners. The ships’ time out of 

service was trending upwards through 2019: it took 56 days on average to retrofit a scrubber on a 

container ship in December 2019, compared to just 28 days in January 2019 (Clarksons, 2020a). 

This can partly be explained by the limited number of suppliers and engineers currently available 

to install scrubbers ahead of the implementation deadline. As a consequence, the extended off-

hire time substantially increases operators’ opportunity costs (missed earnings). On the other 

hand, such costs are partially offset by higher charter rates, which result from the lower available 

capacity due to some container ships being removed from the market for scrubber retrofits 

ahead of the IMO 2020 implementation date. 

Out of the major six liner carriers, Japanese shipping company Ocean Network Express (ONE) will 

be the only major liner carrier that decided entirely against installing exhaust gas cleaning systems 

on their container ships ahead of the IMO 2020 implementation date (ONE, 2018).13 All others 

 
13 Nonetheless, also ONE is considering this approach for the future and is evaluating to charter scrubber-fitted vessels 
in order to expand the number of compliant vessels in their fleet (ONE, 2018). 
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have already equipped part of their container ship fleet with scrubbers.14 As of January 2020, the 

scrubber-fitted container ship fleet consists of over 382 vessels of 3.2m TEU, equivalent to 

14.1% of global capacity (Clarksons, 2020b). 80 vessels of 0.8m TEU are currently at a repair 

yard undergoing a scrubber retrofit, constituting another 3.3% of global capacity (Clarksons, 

2020c). Especially large ships have recently been taken into dry dock to have scrubbers fitted, 

pushing the idle container fleet upwards (Ship & Bunker, 2020). 

4.3 Retrofitting Vessels to Use Alternative Fuels (Strategy C) 

Container ships that neither have scrubbers installed, nor use one of the compliant LSFOs 

(VLSFO(0.5% S) or MGO(0.1% S)), still have the option to use alternative sulphur-free fuels, such as 

Electricity, Biofuels, Hydrogen, Methanol or LNG. The main argument for following this 

strategy is the significant reduction in local air pollution compared with other bunker fuel types, 

because these fuel types are less environmentally harmful than heavy fuel oil. However, all of 

them require a complete retrofit of the propulsion systems in existing container ships. 

Out of the available alternative fuels to the shipping industry, the use of LNG as marine fuel 

currently seems to be the most promising option (Deniz & Zincir, 2016). LNG is a mixture 

composed mainly of CH4 that has to be cooled down to around -162 °C in order to allow for a 

safe seaborne transportation or storage in its liquid form. Using LNG instead of conventional 

marine fuels to power container ships can yield significant operational and environmental 

benefits. Most importantly, the use of LNG to fuel container ships eliminates virtually all sulphur 

emissions (MAN, 2012; OECD/ITF, 2016). While VLSFO(0.5% S) does not meet the stringent 

0.1% sulphur limit inside ECAs and would thus require operators to switch fuels from 

VLSFO(0.5% S) to MGO(0.1% S) when entering an ECA, LNG-powered vessels do not have to 

switch fuels given that LNG emits virtually no SOx (Anderson et al., 2015). Overall, using LNG 

instead of HSFO as bunker results in nearly 99% less emissions of SOx and around 80% less 

 
14 This is confirmed by the scrubber installation count for the major six liner carriers shown in Appendix C of this work. 
Possible reasons are, amongst others, the loss of sales during installation, technical limitations as well as the uncertainty 
around future bunker prices. 
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emissions of NOx, as well as leads to significant operational cost savings (Burel et al., 2013; 

Anderson et al., 2015; Pfoser et al., 2018). 

Contrary to LNG’s advantages, there are some arguments against using this energy source in 

shipping. For example, the emission of hydrocarbons (such as CH4) from LNG-fuelled engines 

is considered to be one of the negative effects from using LNG (Brynolf et al., 2014; Anderson 

et al., 2015). CH4 slips from LNG-fuelled engines either occur as a gas leak during the re-fuelling 

process or as emissions over the exhaust system into the air when the LNG is not fully 

combusted (Anderson et al., 2015). Since the 100-year global warming potential of CH4 is 25 

times higher than CO2, not preventing such gas leaks substantially reduces the benefits of using 

LNG (Burel et al., 2013; Brynolf et al., 2014). Additionally, complex and expensive storage 

facilities in ports and on board are required, since LNG needs to be cooled to around -162 oC 

when liquefied. Another challenge with the use of LNG as marine fuel is its distribution 

network. In order to allow operators to have a safe and reliable LNG supply chain, a functioning 

infrastructure is crucial (Burel et al., 2013). However, the costs of supplying gas to container 

ships is still relatively high (OECD/ITF, 2016). 

For ship owners, the required high upfront costs for retrofitting a container ship with LNG 

present a major investment hurdle. Even though the installation of dual-fuelled propulsion 

systems allows switching between LNG and other marine fuels under different conditions, such 

systems typically bring substantial costs with them (Hapag-Lloyd, 2019). Another substantial 

upfront investment cost is the bunker tank that is required to store the vessel’s LNG fuel inside 

the ship. Standard LNG storage tanks are bigger than traditional bunker tanks that fit easily into 

a steel ship structure. In addition to several safety requirements that have to be met for installing 

the tanks, opportunity costs arise from the LNG bunker tank taking up a large space in container 

ships. LNG storage requires additional space since LNG takes up around twice the volume 

occupied by diesel oil for the same energy content (Burel et al., 2013). With a larger tank 

installed, the ship can carry less containers per trade and thus generates fewer profits. 

Although its environmental benefits with regard to the reduction of SOx and NOx emissions are 

remarkable, LNG’s CO2 emissions might not be sufficiently low in order to achieve IMO’s 
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vision of achieving GHG emissions from ships to peak as soon as possible and by 2050 reducing 

total emissions by at least 50% compared to 2008 levels (IMO 2019d). This initial strategy was 

adopted by the MEPC at its 72th Conference held in April 2018 and is in line with the Paris 

Agreement temperature goals. As the findings from Burel et al. (2013) show, however, using 

LNG as bunker only leads to around 25% less CO2 emissions compared to the use of traditional 

marine fuels. This clearly points out LNG’s weak spot. While LNG by far complies with the 

IMO 2020 sulphur targets, the use of LNG as bunker will most likely not provide sufficient CO2 

emission savings in order to be compliant with potential future environmental regulations. 

During the 2010s, some carriers ordered the first very large container ships classed LNG-ready. 

These ships use conventional fuels but are equipped from the outset with sufficient space and 

auxiliary engines that are ready for retrofitting should LNG as a marine fuel become more 

economically attractive. As the first major carrier to decide for such a retrofit, Hapag-Lloyd 

announced in 2019 that it would convert the 15,000 TEU container ship Sajir to run on LNG. 

However, even though the vessel being classed LNG-ready, new tanks, piping and a completely 

new engine had to be installed. Overall, Hapag-Lloyd expected this retrofit process to take 

around 3.5 months (Lloyd’s List, 2019b). Whether other ship owners will decide to retrofit their 

vessels to LNG depends primarily on the success of this conversion and on the general 

development of LNG in the near future. 

As a result of the relatively high upfront investment that is required to fully retrofit a container 

ship to LNG, many ship owners are currently waiting on the side-line with their decision 

whether to go for converting their ships to LNG. Adopting too early bears the risk of placing 

their bet on the wrong propulsion technology, which could ultimately result in substantial losses. 

Out of the major liner carriers, French shipping company CMA CGM seems yet to be the most 

optimistic on LNG. The liner carrier ordered nine LNG-powered container ships of 22,000 TEU 

each in 2017 and will take delivery of the first one in 2020, with the other eight ships to follow in 

the course of the following years (CMA CGM, 2017). 
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4.4 Comparative Analysis 

As IMO 2020 reduces the maximum limit of sulphur in ships’ fuel, a large increase in the use of 

LSFO is likely to follow. This is mainly driven by the fact that vessels which are not equipped 

with a scrubber and not running on alternative fuels are banned from the carriage of non-

compliant bunker (MEPC, 2019). For the near future, both the price spread as well as the 

operational performance under the different options are expected to determine which of the 

strategies shown in Table D will ultimately prevail. The summary of the main advantages and 

disadvantages in indicates that owners which have decided against using compliant fuels will face 

substantial Capex in order to make their fleet compliant with the global sulphur regulation. 

Table D: Complying with IMO 2020 - Available strategies 

Strategy Main advantages Main disadvantages 

Strategy A - Using compliant 
low-sulphur fuels 

- Simple to use (if modification is not 
required) 

- Minor capital expenditure 

- LSFO is more expensive than HSFO 
- Reduce engine life if conversion is not 

performed appropriately 

Strategy B - Installing 
scrubbers 

- Reduce 90–99% SOx and 60–85% PM 
- Allows continued use of HSFO and 

thereby keeps bunker costs low 
- Comparatively quick Capex payback 

- Substantially high upfront Capex 
required for installation 

- Additional fuel consumption 

Strategy C - Retrofitting 
vessels to use alternative fuels 
(such as LNG or other 
sulphur-free fuels) 

- Reduce 90–100% SOx and 70% PM 
- Compliance with current and 

potentially also future environmental 
regulations (high regulatory certainty) 

- High upfront Capex required for ship 
modification (engines replacing, larger 
fuel tanks) 

- Mainly suitable for newbuildings 

Source: Summary on the basis of Panasiuk & Turkina (2015) and Hapag-Lloyd (2019). 

While Strategy A is in general simple to implement, high uncertainty still stems from the fact that 

the long-term future price differential between LSFO and HSFO is still unknown. Nevertheless, 

it seems inevitable that IMO 2020 will lead most shipping companies who have not invested in 

abatement technology to use compliant fuels. The majority of ship owners is expected to follow 

Strategy A because of capital constraints which restrict them from committing to the 

substantially high upfront Capex required for installing scrubbers or retrofitting their vessels to 

use alternative fuels (Table D).   
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With regard to the two remaining compliance options (Strategy B and Strategy C), it is very hard 

to predict which of them will prove most successful and would thus be the right strategy to go 

for. As previously discussed in this section, the implementation of either one of these strategies 

results in practically zero SOx emissions. However, installing scrubbers is considerably cheaper 

than retrofitting an entirely new LNG engine system to a container ship.15 Nevertheless, LNG is 

by far the cleanest fuel that is currently available to the international shipping industry and is thus 

widely considered to be one of the most viable shipping fuel types for the next decades. With 

regard to IMO 2020, the practically full reduction of sulphur emissions by using LNG goes way 

beyond the 0.5% sulphur limit requirement (OECD/ITF, 2016). This is why choosing this 

option today could make LNG-powered container ships already compliant with even stricter 

sulphur regulations which might be introduced in the future. It is however still uncertain 

whether, and if so, when zero-emission alternative fuels will be introduced in the ship bunker 

market. Therefore, assuming ship owners can stem the high upfront Capex, LNG establishes 

itself as the most prominent marine bunker in the world’s largest ports, LNG-fuelled container 

ships could very well be the short- to medium-term solution for the drive towards a low-

emission container transport. Its uptake seems to be limited in the long run, however, given the 

high Capex, increased storage requirements on board and the insufficiently developed 

distribution network in some parts of the world (Pfoser et al., 2018). Given the added 

uncertainty as to whether LNG will establish itself as the leading marine fuel over the next few 

decades (Burel et al., 2013), most shipping companies seem to play it safe by bridging the 

meantime with less capital-intense measures.  

Installing scrubbers is understood to be a potential compromise between high Capex and the 

advantages from the further use of the cheaper HSFO. All in all, making an appropriate choice 

between the available compliance strategies is of great importance and requires a quantitative 

approach. Therefore, this work will investigate this decision by taking into account ship owners’ 

option to switch from using compliant fuels (Strategy A) to installing scrubbers (Strategy B). 

  
 

15 According to confidential market intelligence, retrofitting a container ship to LNG requires around three times the 
investment as for installing a scrubber, mostly depending on its size and age. 
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5 THE VALUE OF REAL OPTIONS 

This section first introduces the concept of real options and discusses the traditional corporate 

finance approach for determining the attractiveness of an investment project. Subsequently, an 

evaluation of why Real Options Analysis can be understood as a more feasible valuation method 

for pricing ship owners’ option to switch to another compliance strategy is presented. 

5.1 The Presence of Real Options in Investment Projects 

In corporate finance theory, a real option is commonly understood as a choice available to 

someone regarding a specific business decision.16 This can be, for example, the opportunity of 

deploying financial resources in a corporate project today or at some point in the future (Berk & 

DeMarzo, 2016). Common real options to be found embedded in such an investment project 

can be the option to defer investment, the option to abandon the whole project, the option to 

expand the scale of the project, the option to contract, and the option to switch (Trigeorgis, 

1995). Out of the various real options to be found in business projects, this work focuses 

exclusively on the option to switch. Generally, the presence of this type of option adds value to 

investment projects by providing the right to change from one strategy to another over the 

course of the project. At each point in time, one can either continue with current operations, or 

switch to an alternative strategy by exercising the real option. 

In order to understand the differences between the various real options, it can be useful to sort 

them into the following two categories: basic and compound options. For example, the option to 

defer a project is a basic option. On the other hand, the option of bringing a product to market 

after it was successfully tested is a compound option. For this type of real option, its value 

depends on the value of another real option. 

 
16 It should be noted that an option is a right, but not an obligation to take a certain action (Brach, 2003).  See Hull 
(2017) and Berk & DeMarzo (2016) for an introduction to option pricing theory and the valuation of capital investment 
opportunities in real assets. A detailed description of the different types of real options, in which industries they can be 
found, and which studies first analysed their presence in business decisions is shown in Trigeorgis (1995). 
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As shown in Figure VI, real options are most valuable when both the managerial flexibility and 

the uncertainty are high (Kodukula & Papudesu, 2006). Having the managerial flexibility to adapt 

future actions in response to changing conditions, especially in situation where future outcomes 

are very uncertain, improves the value of real options by limiting investment projects’ downside 

losses and improving their upside potential (Trigeorgis, 1995). 

Figure VI: The value of real options as a function of uncertainty and managerial flexibility 

 
Source: Kodukula & Papudesu (2006). 

As the denotation real option already suggests, the concept is an extension of financial options 

theory (Berk & DeMarzo, 2016). This can be best grasped when viewing a manager’s choice to 

invest financial resources into a new corporate project as a call option. When the manager 

decides to exercise this option, the investment into the new project takes place. As opposed to 

this, the choice available to cease an ongoing business project can be viewed as a put option, 

where exercising the option causes the project to terminate. For these two real options, their 

exercise price is the investment costs it may take to accomplish the project or the resources it 

takes to abandon the project, respectively. Assuming rational investor behaviour, the real 

option’s value is always greater or equal to zero, as it will only be exercised when the expected 

payoff is positive (Brach, 2003). 

Due to the close connection of real options to financial option, it is possible to apply the 

techniques used to price financial options also for valuing real options. However, real options 

also entail some features that make them distinct to financial options. Most importantly, real 

options are based on physical instead of financial underlying assets. Real options’ underlying 
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assets are usually not traded in competitive markets, so that market prices are not available (Berk 

& DeMarzo, 2016). For example, the corporate project used as the real option’s underlying 

investment opportunity is not traded on a financial market and therefore has no market-

determined price. As opposed to this, financial options are typically based on publicly traded 

financial assets (such as stocks, bonds or commodities) whose respective prices are determined 

by supply-demand dynamics on financial market. This is why real options require different inputs 

when conducting a valuation. 

5.2 Traditional Valuation Approaches 

There are many traditional valuation methods available to determine the attractiveness of an 

investment opportunity, of which most can be summarised under the Discounted Cash Flow 

approach.17 Out of the many existing DCF valuation methods, a very simple and commonly used 

way to assess the value of capital investment opportunities in real assets is by determining the net 

present value of the respective project (Hull, 2017). The net present value (𝑁𝑃𝑉 ) of an 

investment project is the sum of the initial investment outflow and the present value of the 

project’s expected future incremental cash inflows: 

 𝑁𝑃𝑉$ = −𝐶𝐹$ +*
𝐶𝐹+

(1 + 𝑟)+
	

1

+23

			, (5a) 

where 𝑟 is the discount rate per time period, 𝑡 the number of the discrete time period, and −𝐶𝐹$ 

the initial investment cash outflow. Each future cash inflow (𝐶𝐹+ ) is discounted back to its 

present value with a constant discount rate which should reflect the riskiness of the project. A 

negative NPV indicates that the project should not be executed since the potential investment 

would reduce shareholder’s value (Hull, 2017). On the other hand, a positive NPV would 

increase shareholder’s value, which is why such a project should be undertaken (Hull, 2017). In 

 
17 Typical valuation methods that build on DCF analysis include, amongst others, Return on Investment (ROI), Payback Period 
(PBP), Internal Rate of Return (IRR), and Net Present Value (NPV). 
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general, when comparing the financial attractiveness of two investment options by using the 

NPV method, the investment project with a higher NPV should be chosen (Jiang et al., 2014). 

The NPV method is easy to apply and hence often used for valuing simple projects. However, 

this approach is not always best to use when future cash inflows are unpredictable. The reason 

for this is that the NPV method fails to take into account the uncertainty of future outcomes 

(Kou & Luo, 2018). Furthermore, it does not take managerial flexibility to adapt and revise 

decisions in response to unexpected changes into account (Trigeorgis, 1995; Hull, 2017). This 

valuation method implicitly assumes that investment decisions are irreversible and consequently 

that no further decisions can be taken in the course of the investment project. Such methods 

cannot fully incorporate the managerial flexibility to respond to new information and strategic 

responses explicitly into their investment analysis (Bendall & Stent, 2003). As a consequence, 

corporate managers usually undervalue strategic investments that compromise a substantial level 

of uncertainty, leading to suboptimal investment levels (Chan et al., 2012).  

All in all, as a result of the arguments given above, such valuation techniques cannot be properly 

used for valuing the investment case under study in this paper. While real options are often to be 

found embedded in investment projects, the commonly used traditional NPV method cannot 

properly account for their potential value (Trigeorgis, 1995; Hull, 2017). In order to achieve valid 

results from the analytical part of this thesis, it is thus essential to use a valuation approach that 

can appropriately take the many different types of real options to be found embedded in 

investment projects into account. 

5.3 Real Options Analysis 

In theory, the possibility to adapt future actions when additional information becomes available 

and uncertainty is resolved improves the investment’s upside potential and limits downside risk 

(Trigeorgis, 1993; Hull, 2017). Therefore, uncertainty and managerial flexibility should be taken 

into account when valuing a project.  
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By applying Real Options Analysis to account for real options embedded in investment projects, 

it is easier to determine the specific value of an actively managed project. This is because most 

traditional valuation approaches only allow a constant discount rate for valuing projects where it 

is possible to adapt decisions over the course of the project (Trigeorgis, 1995; Brach, 2003). Only 

using a constant discount rate is however problematic, since the rate used would also need to 

capture the value of managerial flexibility implied in the project (Hull, 2017). Additionally, while 

ROA facilitates the valuation of contingent decisions, most traditional valuation approaches 

cannot achieve this (Kodukula & Papudesu, 2006). Thus, ROA can be understood as expanding 

the traditional valuation methods by accounting for the additional value from real options (and 

thereby for the value of operational and strategic adaptability in an uncertain environment) 

embedded in management problems. An in-depth discussion of the functioning of this valuation 

method and its application can be found in Trigeorgis (1995) and Kodukula & Papudesu (2006). 

One of the most prominent ways to apply ROA to a management problem is the Binomial Option 

Pricing Model (BOPM). The BOPM was initially suggested by William Sharpe and later published 

by Cox et al. (1979) in the Journal of Financial Economics. It is an options valuation method that 

uses an iterative approach utilizing multiple discrete time periods in a decision tree, which 

enables the representation of alternative decisions and potential outcomes in an uncertain 

economy (Berk & DeMarzo, 2016). In general, it can be understood as a more mathematically 

simple (but at the same time more flexible) option pricing tool than the well-known Black-Scholes 

Model (BSM) published by Black & Scholes (1973) in the Journal of Political Economy. Nevertheless, 

the BOPM and the BSM are very similar. In fact, if one would decrease the time between each 

step of the BOPM towards zero, the model would ultimately become the BSM. The BOPM 

incorporates the idea of using probability distributions for stochastic variables (Hull, 2017).  

A very important principle of these model is that the real probability of future asset values is not 

needed for pricing options. This is because the models function in a risk-neutral environment, 

where option prices do not depend on the actual risk preferences and expected asset returns 

(Cox et al., 1979; Berk & DeMarzo, 2016). Due to this, knowing the specific risk preference of 

the option’s holder is not required (Hull, 2017). It is important to note that the risk-neutral 
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probability of the real asset moving up (𝑝) used in the BOPM model does not equal the actual 

probability (𝑞), but rather is an intermediary variable used for pricing options in a risk-neutral 

world. Nevertheless, the derived option prices are representative in the real world, which makes 

this model very attractive for studying real options (Berk & DeMarzo, 2016).18  

In the BOPM’s most basic version, two possible paths lead to the next period – a move up, or a 

move down of the underlying asset’s price. Cox et al. (1979) argue that if the current underlying’s 

price is 𝑆$, its price in the next period will either be 𝑆$ ∗ 𝑢 or 𝑆$ ∗ 𝑑. The move up has a risk-

neutral probability of 𝑝, while the move down a risk-neutral probability of (1 − 𝑝). The resulting 

underlying asset’s price development can be illustrated in the form of a binomial tree, as shown 

for example in Figure IX. 

In summary, the presence of real options adds flexibility to a manager’s investment decision 

process and can thereby improve its value when the future is not perfectly predictable. Real 

options should thus be taken into consideration when analysing investment decisions under 

uncertainty. As pointed out in Hull (2017), Real Options Analysis provides an internally 

consistent approach for valuing investment projects with embedded real options. Therefore, this 

work applies the ROA approach to value ship owners’ option to switch from using compliant 

low-sulphur fuels to investing in scrubbers in order to exploit the price spread between low-

sulphur and conventional fuels in the context of IMO 2020.  

 
18 See Hull (2017) for an introduction to the principle of risk-neutral valuation. 
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6 VALUING THE OPTION TO SWITCH 

The investment project under study in this work is framed as follows. Suppose a ship owner who 

possesses the 8,600 TEU Post-Panamax container ship Tulehøj, built in 2010 at one of the major 

shipyards in South Korea. He is the controlling owner of the ship and therefore responsible for 

capital expenditures, but does not operate it himself - the vessel is chartered out for the next 15 

years to one of the major liner carriers under a bareboat charter agreement.19 The liner carrier 

operates the ship on a variety of routes, such as on the mainlane trades between Asia and 

Europe, the Transpacific and Transatlantic mainlanes, as well as on some North-South routes.  

At the moment, the owner of the container ship is faced with the management problem of 

deciding on how to keep the ship in compliance with the recently introduced IMO 2020 Sulphur 

Cap. As he did not invest in any kind of abatement technology yet, the operator (i.e. the liner 

carrier) is tied to initially use the more expensive but compliant LSFO (Strategy A) from January 

2020 onwards. Given the uncertainty about the future development of bunker prices over the 

next years, the ship owner is unsure whether he should switch Strategy A at some point in time 

over the coming years by investing in a scrubber (Strategy B), which would enable the liner 

carrier to operate the container ship on the cheaper HSFO and thereby exploit the benefits from 

the bunker price spread. As the liner carrier would only benefit from lower fuel costs if the ship 

owner decides to invest in a scrubber, the liner carrier offers to pay the ship owner 30% of the 

realised annual fuel cost savings on top of the already agreed bareboat charter rate.20  

The ship owner’s option to switch from Strategy A to Strategy B can be understood as a call 

option on the value of his savings from the alternative investment project (here the owner’s 

share of the liner carrier’s fuel cost savings from operating the ship on HSFO instead of LSFO). 

 
19 Bareboat charter agreements usually last 10 to 20 years (Stopford, 2009). Please see Appendix B for an overview of the 
four different types of contractual arrangements in regard to the distribution of costs and responsibilities between 
charterer and owner (voyage charter, time charter, bareboat charter, contract of affreightment). 
20 Under this type of contractual agreement, the charterer of the ship has to pay for the operating costs, port costs, and 
the consumed bunker fuels (Stopford, 2009). Thus, given a positive fuel price spread between LSFO and HSFO, the 
charterer would benefit from a lower fuel bill if the container ship would have a scrubber installed. Due to this, they he 
likely be willing to exploit this savings opportunity by incentivising the owner of the container ship to install scrubbers. 
This can be done, as it is assumed to be in this case, by offering to compensate the owner for the upfront scrubber 
investment costs through higher charter rates. 
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The option to switch can be exercised at any time over the coming five years until it expires. 

Exercising the option would mean that the owner decides to invest in the installation of a 

scrubber onboard the container ship. By deferring the option execution, the owner can gain 

more information on the future development of the price spread between LSFO and HSFO. 

When the spread is large enough so that it becomes financially beneficial to switch strategies, he 

can exercise the option and thereby commit to the Capex required for installing a scrubber in 

order to enable the liner carrier to reap the benefits from using the cheaper HSFO. In other 

words, having the opportunity over the course of the investment project to switch strategies can 

introduce additional value. This is especially the case when the future bunker price spread is 

difficult to predict, since financial theory would expect greater uncertainty to increase the value 

of the option to switch (Sarkar, 2000). 

By investigating a ship owner’s flexibility of having the right to switch from Strategy A to 

Strategy B over the course of the coming years, this work aims to answer the question of 

whether ship owners should invest in scrubbers at some point in time in order to meet the 

requirements posed by the regulatory framework of IMO 2020. 

6.1 Model Description 

The model used in this work is based on the principle of the Binomial Option Pricing Model.21 

Furthermore, it builds on research of Acciaro (2014), who applied ROA to ship owners’ option 

to defer their decision of retrofitting a feeder ship to LNG. Nevertheless, this thesis differs 

substantially from Acciaro (2014). Most importantly, this thesis focuses on another type of real 

option due to a different framing: the option to switch compliance strategies over the course of 

the investment project. Moreover, it focuses on another strategy to comply with IMO 2020, 

namely installing scrubbers. Lastly, in contrast to investigating the introduction of new 

 
21 A presentation of the selection process that has led to this valuation method, as well as an overview covering the 
BOPM’s fundamental functioning, can both be found in Section 5.1 (The Presence of Real Options in Investment Projects) of this 
work. 
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environmental regulations for ECAs, this thesis deals with a different environmental regulatory 

implementation in shipping that is applicable on a global level. 

Price spread 

The model of this work is set up in a way so that the only source of uncertainty stems from fuel 

prices.22 The uncertain future development of the underlying prices of LSFO and HSFO is 

expressed as a price spread (𝛿+) at each discrete time period 𝑡 between these two fuel types: 

 𝛿+ = 𝐿𝑆𝐹𝑂+ − 𝐻𝑆𝐹𝑂+ (6a) 

The future development of 𝛿+ is uncertain, which means that from one discrete time period the 

next, 𝛿+ either moves up with real probability 𝑞 or down with the contrary probability (1 − 𝑞). 

The factors 𝑎 and 𝑏 determine the level of 𝛿+ in all possible states over the next stages of the 

recombining binomial tree. An illustration of how 𝛿+ moves over time is shown in Figure VII. 

Figure VII: Development of bunker price spread over time 

 
Source: Own representation. 

For example, assuming the price spread (𝛿B) moves up by 𝑎, the price spread in the next period 

will be 𝛿B ∗ 𝑎 = 𝛿C.   

 
22  Other potential parameters that could increase future cashflows’ uncertainty, such as fluctuating freight rates or 
operating costs, are assumed to stay constant and thus to not having any effect in this model. 
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Present value of the ship owner’s fuel cost savings 

In this model, annual fuel consumption23 (𝐹D) of a scrubber-fitted container ship (𝑖) is calculated 

as follows: 

 𝐹D = 𝐹FGDHI,1JK ∗ 𝑆𝑖𝑧𝑒D ∗ 𝐷𝑎𝑦𝑠D (6b) 

where 𝐹FGDHI,1JK is the ship’s fuel consumption per TEU for one day of full operations, 𝑆𝑖𝑧𝑒D is 

the ship’s carrying capacity expressed in TEU, and 𝐷𝑎𝑦𝑠D is the ship’s total number of trading 

days per year. 

In order to determine the annual fuel consumption on which the ship owner’s savings from a 

positive price difference are based, the relevant annual fuel consumption (𝐹QR) of a scrubber-fitted 

container ship (𝑖) is calculated as follows: 

 𝐹QR = 𝐹D ∗ (1 − 𝐹STUVWWXU) ∗ 𝑆𝑝𝑙𝑖𝑡D (6c) 

where 𝐹STUVWWXU is the additional fuel consumption required by the installed scrubber, and 𝑆𝑝𝑙𝑖𝑡D 

is the ship owner’s share of the total fuel cost savings24 for the respective container ship. The 

relevant annual fuel consumption (𝐹QR) is required for calculating the owner’s benefit from his 

ship running on HSFO with a scrubber installed compared to using the more expensive LSFO. 

While the additional fuel consumption of the scrubber negatively influences 𝐹QR , a higher share of 

the operator’s total fuel cost savings has a positive effect on 𝐹QR . 

In this model, the owner of the scrubber-fitted container ship 𝑖 realises the following fuel cost 

saving (𝜋+,D) in period 𝑡: 

 𝜋+,D = 𝛿+ ∗ 𝐹QR (6d) 

 
23 In this work, ships’ fuel consumption is always expressed in tonnes. 
24 If the ship owner would also be the operator of his ship (i.e. the ship would not be bareboat chartered to the liner 
carrier, as it is assumed in this work), the ship owner’s share of the fuel price savings would be 100%. 
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In other words, given the relevant fuel consumption of 𝐹QR  and the price spread 𝛿+, the owner of 

container ship 𝑖 would benefit from the ship running on LSFO instead of HSFO by 𝜋+,D.  

Since in this model the future development of 𝛿+ is uncertain, future fuel cost savings need to be 

adjusted for their probability of occurrence accordingly. This adjustment leads to the expected 

future fuel cost saving 𝐸[𝜋+,D] of time period 𝑡 for container ship 𝑖. Subsequently, the expected 

future fuel cost savings for all discrete time periods are discounted to their present values using 

the rate that appropriately reflects the riskiness of the project (𝜎), and then summed up:  

 𝑆$,D = *_
𝐸`𝜋+,Da
(1 + 𝜎)+

b
1

+23

 (6e) 

where 𝑆$,D is today’s value of the ship owner’s fuel cost savings over the investment period, given 

container ship 𝑖 has a scrubber installed and is thereby able to exploit the benefits from the fuel 

price spread (𝛿+). The present value of the future cash flows from the underlying investment 

project (𝑆$) is used as the basis for constructing the binomial tree in order to value the ship 

owner’s option to switch from Strategy A to Strategy B over the investment period (𝑇). 

Intermediary option parameters and binomial tree 

The binomial tree is constructed on the basis of the previously derived 𝑆$. Starting from this 

point in time, the value of the underlying investment project either moves up or down by 𝑢 and 

𝑑, respectively. Under the risk-neutral setting of the BOPM from Cox et al. (1979), the up-

movement in the binomial tree has the risk-neutral probability 𝑝, while the down-movement has 

the risk-neutral probability (1 − 𝑝). 25 

The basic binomial tree over one period is illustrated in Figure VIII, while the five-step binomial 

tree used in the ROA model of this work is shown in Figure IX. 

 
25 See Section 5.3 (Real Options Analysis) for a brief introduction to the BOPM. The principle of risk-neutral probabilities 
and how they differ from actual probabilities is further discussed in Berk & DeMarzo (2016) and Hull (2017). 
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Figure VIII: Development of the investment project’s value over time 

 
Source: Own representation. 

The factors 𝑢 and 𝑑 can be understood as intermediary parameters which are a function of the 

underlying fuel price spread’s volatility (𝜎)26 and time increments of the investment period (∆𝑡) 

(Cox et al., 1979; Kodukula & Papudesu, 2006): 

 𝑢 = 𝑒e√∆+			; 			𝑑 = 𝑒he√∆+ (6f) 

From these intermediary option parameters, the risk-neutral probability (𝑝) can be calculated: 

 𝑝 =
𝑒U∆+ − 𝑑
𝑢 − 𝑑

 (6g) 

This risk-neutral probability makes the expected return of the ship owner’s future fuel cost 

savings equal to the risk-free rate. This is done by the BOPM overweighting the bad states and 

underweighting the good states (Cox et al., 1979; Berk & DeMarzo, 2016). If all investors were 

risk-neutral, the risk-neutral probability 𝑝 would equal 𝑞 in equilibrium (Cox et al., 1979). 

As the investment project under study has multiple discrete time periods, the value of the ship 

owner’s fuel cost savings from the ship having a scrubber installed (𝑆+) are related at each node 

of the multi-period binomial tree with the period thereafter as follows: 

 𝑆+ = 𝑒hU∆+ ∗ [𝑝 ∗ 𝑢	𝑆+ + (1 − 𝑝) ∗ 𝑑	𝑆+]			, (6h) 

where 𝑟 is the constant risk-free interest rate used for discounting the ship owner’s future fuel 

cost savings. The recombining binomial tree over five steps is illustrated in Figure IX. 

 
26 Past volatility of the price spread between LSFO and HSFO is assumed to be indicative of future volatility. 



   54 

Figure IX: Five-step recombining binomial tree 

 
Source: Own representation. 

Determining the real option’s value 

To begin with the calculation of the real option’s value, the option’s strike prices need to be 

determined first (Hull, 2017). In this work, the strike prices at each point in time are the Capex 

required for installing a scrubber (𝐾+). For every period of the investment project, the strike price 

is calculated as follows: 

 𝐾+ = 𝑒U∗∆+ ∗ 𝐾$ (6i) 

As shown by Equation (6i), this work accounts for the ship owner’s opportunity cost of capital.27  

 
27 Here, the opportunity cost of capital is the ship owner’s return that he could have made by placing the money for the 
scrubber in his deposit account for one period at the risk-free rate (𝑟). 
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At the underlying investment project’s final stage (𝑡 = 𝑇), which is illustrated on the far-right of 

the recombining binomial tree in Figure IX, the optimal decision of the ship owner is determined 

for each possible state by weighing the value of the ship owner’s fuel cost savings (𝑆1) with the 

upfront Capex required for installing a scrubber (𝐾1). For every state at the far-right of the 

binomial tree, the ship owner can decide between exercising the option and letting the option 

expire worthless. ROA can be applied to value the option of having this flexibility by first 

calculating the option’s intrinsic values at each final node (𝐶1): 

 𝐶1 = max[0, (𝑆1 − 𝐾1)] (6j) 

Subsequently, the valuation is performed iteratively by continuously working backwards through 

the tree towards the far-left side. At each stage, the option’s value is calculated at that respective 

point in time by calculating the present value of its probability-weighted future payoffs.28 The 

real option’s values at earlier nodes (𝐶+) is calculated as follows:  

 𝐶+ = max[(𝑆+ − 𝐾+)	, 𝑒hU∆+(𝑝	𝐶+n3 + (1 − 𝑝)	𝐶+n3)] (6k) 

This valuation process is continued until the far-left side of the binomial tree is finally reached. 

𝐶$ ultimately represents today’s value of having the flexibility to install a scrubber if the fuel price 

spread is sufficiently large. 

6.2 Assumptions for the Input Parameters 

This section elaborates on the rationale behind the basic assumptions of the model applied in 

this thesis. Assumptions have been made, for example, for the future price spread development, 

the fuel consumption of scrubber-fitted container ships of different sizes, as well as the capital 

expenditures required for installing scrubbers. The chosen input parameters for the ROA model 

will be presented at the end of this section in Table E. 

 
28 For a detailed description of the mathematical foundations for pricing options in the BOPM, see Cox et al. (1979), 
Brach (2003) and Hull (2017). 
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Future price spread between LSFO and HSFO 

The historic data on the prices of HSFO (Clarksons, 2020d) and MGO(0.1% S) (Clarksons, 2020e) 

was downloaded from the Clarksons Research Shipping Intelligence Network (SIN), which provides 

access to a comprehensive range of historic timeseries for the shipping industry. The data set 

ranges from January 1991 to January 2020. The historic price data with regard to VLSFO(0.5% S) 

was collected by hand from Ship & Bunker (2020), an independent online source of daily and 

historical bunker price indications. This data set only covers the period from July 2019 onwards, 

as the marine fuel VLSFO(0.5% S) has only then been introduced to the ship bunkering market. 

Therefore, it refers to a much shorter period than the dataset for HSFO and MGO(0.1% S).  

All of the fuel price data was collected in the period from September to January 2020. Since the 

collected data thus refers mostly to the period prior to the implementation of the IMO 2020 

Sulphur Cap on 1 January 2020, this bunker price analysis should be understood in the light of 

the circumstances prevailing during that time period and in dependence on the assumptions 

made. The fuel prices in this work are expressed in USD per tonne, and current values are as of 

10 January 2020, unless otherwise stated. In order to carry out a uniform analysis of the historic 

marine fuel price development in preparation for developing the future bunker price scenarios, 

both data sets were merged. For every point in time, the price of each fuel type was determined 

by taking the average of the respective prices in the two largest bunkering ports in the world: 

Rotterdam and Singapore. The selection of these ports is to be understood in the context of 

global container shipping: a large share of container ships trade between Asia and Europe, 

therefore most ships operating on these trades make use of the refuelling facilities in either 

Singapore or Rotterdam. 

Descriptive analysis of historic fuel prices 

Starting from the MEPC’s announcement in October 2016 that stricter globally applicable 

regulations for the sulphur content in ships fuel will be implemented on 1 January 2020 (MEPC, 

2019), the price of both traditional HSFO as well as the compliant MGO(0.1% S) have risen up to 

their highest level in October 2018 (USD 498 and USD 730, respectively). In the following 
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months, marine fuel prices dropped sharply, until they reached a turning point in January 2019. 

Since then, bunker prices have been moving mostly sideways, but started to rise again in 

December 2019 ahead of the implementation of IMO 2020. Figure X illustrates the historic price 

curve of the traditional HSFO, as well as the historic development of VLSFO(0.5% S) and 

MGO(0.1% S) prices. 

Figure X: Historic prices of HSFO, VLSFO and MGO 

 
Source: Own representation; historic fuel price data compiled from Clarksons Research and Ship & Bunker (as of January 2020). 

The historic price development can partly be explained by a tightening fuel supply in the major 

bunkering ports in anticipation of a reduced demand for non-compliant fuels after IMO 2020’s 

implementation. Many supplier and storage facilities were already getting rid of HSFO stock 

before the regulation’s implementation on January 2020 (some of the displaced supply was 

simply burned in the power sector) and nowadays continue to withdraw HSFO from their 

product offerings (Lloyd’s List, 2020). In the weeks prior to IMO 2020 becoming effective, many 

ships with longer voyages already changed fuels in order to comply with the imposed stricter 

sulphur levels when arriving at their destination (Lloyd’s List, 2020). Moreover, prices for LSFO 

were likely supported by the increase in securing of delivery quantities by the major container 

ship operators.  
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The statistical relationship over time between the prices for high-sulphur and low-sulphur marine 

fuels indicates a strong positive relationship between the fuel types: The HSFO/LSFO 

correlation coefficient for the period October 2016 to January 2020 is 0.88. Despite this strong 

positive relationship, certain differences can be identified on closer inspection. In contrast to the 

prices for the compliant VLSFO(0.5% S) and MGO(0.1% S), the HSFO price has fluctuated much 

more strongly in the second half of 2019. Furthermore, prices for both VLSFO(0.5% S) and 

MGO(0.1% S) have picked up over the last six weeks, while the price of HSFO moved sideways. 

Ultimately, LSFO prices are at their highest point in over two years. On the other hand, the price 

level of HSFO in December 2019 marked its lowest point in over four years. 

Fuel price scenarios 

A key factor in the future price development of LSFOs is the demand by shipping companies. 

Nevertheless, many operators of container ships are facing the question of which exact type of 

LSFO to go for in order to comply with IMO 2020. Answering this question is not easy, since 

the correct answer depends on various factors. For example, in contrast to MGO(0.1% S), 

VLSFO(0.5% S) cannot be used within ECAs (conditional on the case that no other technical 

reduction measure is implemented). Reason being that the sulphur content of VLSFO(0.5% S) is 

not sufficiently low in order to comply with the already existent 0.1% ECA requirement. 

Therefore, the demand for MGO(0.1% S) from ships operating inside ECAs is expected to remain 

in the near future due to a lack of superior alternatives. However, MGO(0.1% S) is more expensive 

than VLSFO(0.5% S), which makes VLSFO(0.5% S) more attractive for container ships that mainly 

trade outside ECAs.  

Overall, a number of considerations have been incorporated into the assumptions made in this 

work. For example, a general increase in oil and gas production costs is expected to drive up 

marine fuel prices in the future. Additional demand for compliant fuels after the implementation 

of IMO 2020 is expected to result in additional price increases. On the other hand, a price 

decrease is expected to occur due to a sharp drop in demand for HSFO following the 

implementation of the IMO 2020 Sulphur Cap. The resulting future fuel price spread 

development is illustrated in Figure XI.  
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The resulting assumptions for the two scenarios of the future development of the price spread 

between non-compliant and compliant fuels are as follows29: 

(1) All three marine fuels (HSFO, VLSFO(0.5% S), MGO(0.1% S)) will be available in sufficient 

quantities so that supply equals demand, and MGO(0.1% S) is a perfect substitute for 

VLSFO(0.5% S), with both fuel types being available at the same price per tonne. Therefore, 

when speaking of LSFO, both VLSFO(0.5% S) and MGO(0.1% S) are referred to. 

(2) In the Minimum-Scenario, the price spread between the traditional HSFO and alternative 

LSFO decreases annually by 30% over the forecasting period. 

(3) In the Maximum-Scenario, the HSFO price drops by 5% per annum, while prices for LSFO 

increase by 5% per annum over the forecasting period. As a result, the price spread 

between low-sulphur and high-sulphur fuels increases every year by 10%. 

(4) It is equally likely that the price spread moves up or down in the next period (𝑞 = 0.5). 

The starting point for the scenario period is January 2020, which is the introduction date 

of IMO 2020. The scenario period lasts over five years and thus ends in December 2025. 

Figure XI: Future bunker price spread development 

 
Source: Own representation. 

 
29 The assumptions for the fuel price forecast are based on the knowledge gained from analysing the historic bunker 
prices and the resulting price spread between LSFO and HSFO. 
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Fuel consumption 

One of the most important factors is the amount of fuel consumed, since fuel consumption is 

the largest cost item in vessels’ operational expenses (Stopford, 2009; Abadie et al., 2017). In 

theory, the fuel consumption required to propel container ships is mainly a function of ships’ 

size and cruising speed. As the level of fuel consumption is very sensitive to speed (Stopford, 

2009), slightly inaccurate assumptions would likely distort the results from this model. Therefore, 

in order to ensure reliable results, container ships’ average sailing speed is assumed to remain 

constant in this model. 30 Another factor that can affect the level of fuel consumption is the 

conversion efficiency from fuel to ship propulsion. Shi et al. (2010) argue that the overall energy 

conversion efficiency is largely determined by engine efficiency. This influence is neglected in 

this work by assuming that the container ships’ age, hull and machinery condition do not have 

any effect on fuel consumption. 

The only three parameters that are assumed to influence the annual fuel consumption of 

container ships under study in this work are (1) the ship size, (2) whether a scrubber is installed, 

and (3) the ship’s number of trading days per year. 

(1) To account for the influence from ship size, fuel consumption in the model is calculated 

by multiplying the nominal size of a container ship measured in TEU with the annual fuel 

consumption per carried TEU derived from a representative ship sample (0.020 tonnes). 

(2) Scrubbers typically require additional fuel consumption due to their energy need. This is 

taken into account in the model by assuming that the fuel consumption of scrubber-fitted 

container ships is 5% higher than for container ships without any scrubbers installed. The 

additional fuel consumption from scrubbers reduces the benefits from switching to 

Strategy B accordingly. 

 
30 This work decided against introducing the effect of container ships’ cruising speed on fuel consumption, as slightly 
inaccurate assumptions would easily distort the results from the ROA model. However, a short discussion on the 
operational strategy of slow steaming in order to improve vessels’ fuel efficiency, as well as to optimise fuel consumption 
and thereby reduce sulphur emissions, is presented in Section 6.4 (Discussion) of this work. 



   61 

(3) Container ships do not sail all year around and thus do not consume the same amount of 

fuel every day, as they often have some lay-off time during ports stays. Also, they might 

be on off-hire due to no current employment, repair stays at shipyards, or during the 

mandatory drydocking survey (Stopford, 2009). Due to this, the ship’s number of trading 

days is assumed to influence the annual fuel consumption of container ships. 

Capital expenditure (Capex) and investment period 

The most expensive cost items for the installation of a scrubber are typically the material and the 

required direct labour. Nevertheless, there are multiple reasons for why scrubber prices vary. For 

example, in order to reduce the impact on operations, installing scrubbers during the intensive 

surveys which most container ships receive every five years is a popular method to achieve lower 

investment costs. Furthermore, it is usually cheaper to install scrubbers on multiple vessels of the 

same class, as the development and design process can be reused multiple times. In this work, 

however, it is assumed that these factors are accounted for in the Capex for the scrubber. There 

is no predefined plan by whom and how these scrubber investment costs will be funded. In this 

work, the ship owner is assumed to bear the scrubber investment costs if he decides to exercise 

his option to switch to Strategy B (however, he will benefit from the liner carrier’s future fuel 

cost savings due to his profit share agreement with the liner carrier). According to the 

information from the major liner carriers (Appendix C), Capex for fitting a scrubber onboard a 

large container ship seems to correspond to at least USD 5 million, with Hapag-Lloyd expects 

the cost for one scrubber installation to be USD 7 million to USD 10 million per container ship 

(Hapag-Lloyd, 2019). Based on these values, this work assumes all-in investment costs of USD 8 

million for the installation of a scrubber onboard a middle-sized container ship. 

At this point in time it is difficult to predict for how long newly installed scrubbers will ultimately 

last. So far, there is little practical experience with regard to the use of open-loop, closed-loop, or 

hybrid scrubbers in shipping. In this paper, it is assumed that a scrubber has a lifetime of five 

years. Given this assumption, the investment period in the ROA model, during which the ship 

owner benefits from future fuel cost savings, therefore also corresponds to five years.  
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Table E: Input parameter values for the ROA model 

Parameter Description Value 

𝐹FGDHI,1JK Fuel consumption per TEU for one day of full operations 0.020 tonnes 

𝐹STUVWWXU Scrubber’s additional fuel consumption 5% 

𝑆𝑖𝑧𝑒D Carrying capacity 8,600 TEU 

𝐷𝑎𝑦𝑠D Number of trading days per year 210 days 

𝑆𝑝𝑙𝑖𝑡D Ship owner’s share of the total fuel cost savings 30% 

𝛿$ Today’s price spread between LSFO and HSFO USD 300 

𝑆$ Present value of future cash flows from the investment project USD 7.2 million 

𝐾$ Strike price, which equals the upfront Capex for a scrubber USD 8.0 million 

𝑇 Investment period 5 years 

∆𝑡 Time increments of the investment period 1 year 

𝜎 Riskiness of the underlying project 20% 

𝑟 Risk-free rate of return 0.5% 

Source: Own representation. 
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6.3 Results 

In the following, the results from applying the ROA model to the investment opportunity of 

having the option to install a scrubber on the 8,600 TEU Post-Panamax container ship Tulehøj 

will be presented and discussed. 

The values for the input parameters of the ROA model, which are presented and discussed in 

Section 6.1 (Model Description), are based on the previously presented elaboration on the rationale 

behind the assumptions made and on the insights gained from the application of ROA by other 

research in advance to this work31.  

The input parameter values selected for the ROA model of this work are shown in Table E. 

Given these values, the intermediary option parameters 𝑢 and 𝑑 in the risk-neutral setting of the 

BOPM are derived by applying Equation (6f): 

 
𝑢 = 𝑒e√∆+ = 𝑒$.B√∆3 = 1.221 

𝑑 = 𝑒he√∆+ = 𝑒h$.B√∆3 = 0.819 

 

From these intermediary option parameters, the risk-neutral probability (𝑝 ) is calculated by 

applying Equation (6g): 

 𝑝 =
𝑒U∆+ − 𝑑
𝑢 − 𝑑

=
𝑒$.$$t − 0.819
1.221 − 0.819

= 0.463  

At each step of the binomial tree in Figure XII, the first number is the value of the ship owner’s 

share of the fuel cost savings (𝑆+), while the value of the ship owner’s option (𝐶+ and 𝐶1) is 

shown in brackets. An underlined value indicates that the ship owner would benefit from 

exercising the option at this stage, as his share of the liner carrier's fuel cost savings would 

exceed his capex for the scrubber (𝑋+) at this point. In other words, installing a scrubber would 

add value to his business. The option to switch increases in value if the underlying fuel price 

spread increases and thereby driving the value of the underlying investment project. 

 
31 See Section 2 (Literature Review) for an overview on the studies that applied Real Options Analysis to shipping.  
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Figure XII: Value of the underlying investment project and the ship owner’s option to switch  

 
Source: Own representation. 

The present value of the ship owner’s fuel cost savings (𝑆$,1VHXyø{) and today’s option value 

(𝐶$,1VHXyø{), as illustrated at the far-left side of the binomial tree in Figure XII, are derived by 

applying Equations (6h-k) to the investment opportunity under study: 

 

𝑆$,1VHXyø{ = 𝑒h$.$$t(0.463 ∗ 8.794 + 0.537 ∗ 5.895) 

𝑆$,1VHXyø{ = 7.200 

𝐶$,1VHXyø{ = max[(7.2 − 8.0)	, 𝑒h$.$$t(0.463 ∗ 1.751 + 0.537 ∗ 0.344)] 

𝐶$,1VHXyø{ = 0.990 

 

Therefore, even though installing a scrubber today is not economically beneficial for the owner 

of the 8,600 TEU Post-Panamax container ship Tulehøj, having the option to switch to this 

compliance strategy if the price spread between LSFO and HSFO widens over time offers 

additional value in the magnitude of USD 990,000. 
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6.4 Discussion 

To achieve a better understanding on the results from the ROA model, this section will present 

the comparison with the results from applying the traditional valuation method and describe 

exemplarily how the result from the ROA model changes varying ship size. The section is ended 

with a discussion of potential weaknesses of the model used in this work. 

Comparison with traditional valuation method 

In the following, the NPV of the investment project will be calculated in order to compare it 

with the results from the ROA model. This enables an evaluation of the added value as a result 

of the option to switch. Applying the traditional NPV approach 32  by weighing today’s 

investment costs for the scrubber (𝐾$) against the benefits from the future fuel cost savings 

(𝑆$,D), the ship owner can identify whether he should execute the investment project. This can be 

done by applying Equation (5a): 

 
𝑁𝑃𝑉D = −𝐾$ + 𝑆$,D 

𝑁𝑃𝑉1VHXyø{ = −8.0 + 7.2 = −0.8 
 

As discussed in Section 5.2 (Traditional Valuation Approaches), a negative NPV indicates that the 

respective investment project should not be executed, because it would reduce shareholder value 

(Hull, 2017). Under the traditional NPV approach, the owner of the 8,600 TEU Post-Panamax 

container ship Tulehøj would therefore be expected to reduce the value of his business by  

USD 0.8 million when installing a scrubber today. Due to this, the investment opportunity of 

installing a scrubber to benefit from lower fuel prices would be rejected under this valuation 

approach. However, by also accounting for the value of the embedded real option to switch as 

derived from the previous application of ROA, which is not accounted for under the NPV 

approach, the investment project’s NPV turns positive. Therefore, simply applying traditional 

valuation methods seems to cause an imprecise assessment of the actual situation.  
 

32 The traditional methods to valuing investment projects is introduced in Section 5.2 (Traditional Valuation Approaches) of 
this work. 
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Sensitivity analysis - container ship size 

To verify the results from the ROA model and to ensure their wide applicability to the container 

shipping industry, two of the most common vessel types have been selected for conducting a 

sensitivity analysis: (i) a small container ship with 1,250 TEU capacity, and (ii) a large container 

ship with 18,000 TEU capacity. By accounting for different sizes, this study ensures that its 

findings are widely applicable to the existing container ship fleet.33  Moreover, this analytical 

focus ensures a greater external validity of the results and thereby creates a larger practical 

relevance for other shipping segments. 

Applying the ROA model from Section 6.1 (Model Description) to the ship owner’s investment 

project for the small and large container ship by only varying the input parameter 𝑆𝑖𝑧𝑒D 

accordingly, the following present values of the ship owners’ future fuel cost savings (𝑆$) and the 

respective real option values (𝐶$) are derived from Equations (6b-k): 

 
𝑆$,}~GHH = 1.048 

𝐶$,}~GHH = 0.000 
 

This result shows that having the flexibility to install a scrubber to the 1,250 TEU container ship 

is not valuable, since the future fuel cost savings from having a scrubber installed are not 

sufficiently large enough to cover the scrubber Capex in any of the upcoming years. 

 
𝑆$,HGU�X = 15.088 

𝐶$,HGU�X = 7.216 
 

On the other hand, it is already valuable today to retrofit a scrubber to the 18,000 TEU container 

ship (since 𝑆$,HGU�X  is larger than 𝐾$ ). This is mainly due to the large ship consuming 

substantially more fuel, which ultimately drives the investment project’s value.   

 
33 However, it should be noted that potentially prevailing interdependencies between the different input variables might 
have an impact on the obtained results (i.e. in addition to a higher fuel consumption when increasing ship size, also 
Capex for scrubbers typically increase with ship size; this effect is, however, not included in the ROA model, as the 
variables with regard to scrubbers are constants). 
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Potential weaknesses of the analysis 

Option values are usually very sensitive to changes in the assumed probabilities and the included 

input parameters. For example, the ship’s age has not been accounted for in this model. 

Furthermore, even though the basic assumptions made in this work are based on previous 

research and a thorough consideration of today’s available information was carried out, slightly 

imperfect assumptions can distort the derived results substantially. This should be kept in mind 

when studying the findings from this work. 

The number of installed scrubbers likely influences the price spread between LSFO and HSFO, 

while the price spread influences ship owner’s decision of whether installing a scrubber can 

achieve enough fuel cost savings. However, the effect from this interdependency is estimated to 

be very small and therefore not accounted for in the ROA model. In addition, Abadie et al. 

(2017) argue that since both fuel consumption and emissions increase slightly when having a 

scrubber installed, the achieved fuel cost savings could be reduced if emissions have to be paid 

for. However, since the shipping sector is currently not subject to any kind of pricing system for 

air pollutants, the external costs of emissions are neglected in this work. 

Whether an investment in one of the three scrubber systems presented in Section 4.2 (Installing 

Scrubbers) is beneficial for container ship owners depends on various parameters, such as the 

installation costs at the shipyard, the number of resulting off-hire days, the time operating inside 

an ECA, as well as the price spread between the traditional HSFO and alternative LSFO. Other 

determining factors are the efficiency of the main and auxiliary engines, as well as vessel specifics 

such as available space onboard, tank arrangements and ship trimming. Given the variety and 

complexity of these factors, an extensive technical analysis would be necessary when including 

such factors. As this does not fall within the research field of this work, such technical factors 

were deliberately neglected.34 

As discussed in Section 3.1 (Container Shipping), large vessels typically operate on scheduled liner 

services and therefore do not spend much time within ECAs where the sulphur limit is even 
 

34  However, see Appendix D for a summary of both technical and commercial considerations with regard to an 
investment in scrubbers. 
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stricter. Smaller vessels, on the other hand, typically operate on feeder services and therefore 

spend much more time within ECAs. A common assumption would be that large and small 

vessels spend 10% and 90% of their time inside ECAs, respectively. If ships would be assumed 

to trade even more of their time inside ECAs and MGO(0.1% S) would be significantly more 

expensive than VLSFO(0.5% S), the scrubber investment would pay off even faster. However, as 

illustrated in Figure X, prices for both fuel types have increasingly converged over the course of 

the second half of 2019. Due to this, this work neglects potential effects from the time spend in 

ECAs by assuming that this has no impact on the real option’s value. 

To recoup the committed Capex for the installation of new scrubbers, it is common business 

practice of ship owners to try to pass on these investment costs to the charterers of the 

scrubber-fitted container ships by means of higher charter rates. However, this does not mean 

that charterers of container ships without scrubbers are not affected. Charterer of vessels 

without scrubbers installed will have to bear higher operational costs, mainly due to LSFO being 

substantially more expensive than HSFO at the moment.35 Due to this, these charterers might 

also decide to pass on these operational costs to their clients. This would ultimately result in 

them not being willing to incentive shipowners to install scrubbers anymore. Potential conflicts 

in this regard could adversely affect the validity of the findings from this work. However, the 

model of this work is set up in a way so that such external effects have no influence on the real 

option’s value, which is why it is expected that the internal validity of the findings is ensured. 

Alternative compliance options 

In addition to the three major IMO 2020 compliance strategies for IMO 2020 (using compliant 

low-sulphur fuels, installing scrubbers, or retrofitting vessels to use alternative fuels) discussed in 

Section 4 (Strategies for Complying with IMO 2020), additional compliance options have the potential 

to become a widely pursued compliance strategy in shipping. Due to this, these strategies should 

not be completely neglected as potential options for compliance with IMO 2020 and especially 

not for future regulations of ship emissions. 
 

35 The historic price spread between low-sulphur and high-sulphur fuels is shown in Figure II of this work. 
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Zero emission fuels 

For the coming years, the focus seems to be shift from IMO 2020’s stricter sulphur emission 

requirements to the decarbonisation of seaborne transportation: at its 72nd Conference in April 

2018, the MEPC adopted an initial strategy on the reduction of greenhouse gas emissions from 

ships (MEPC, 2019). This strategy aims at reducing the total annual GHG emissions by at least 

50% by 2050 compared to 2008 levels, while, at the same time, pursuing efforts towards phasing 

them out entirely (MEPC, 2019). Furthermore, the European Commission announced in 

December 2019 its ambition to make Europe the first climate-neutral continent by 2050 (EC, 

2019). Given these recent announcements, it seems highly likely that carbon emission reduction 

measures will be implemented in the shipping industry over the next decades. From the 

perspective of ship owners, selecting a suitable propulsion technology that is compliant with 

these emission reduction targets would be crucial.36  Therefore, ship owners are expected to 

rethink their approach to alternative propulsion technologies. On the basis of the similar subject 

matter with regards to environmental regulation in shipping, findings from this work could 

provide the basis for considerations as to how compliance with upcoming GHG regulations 

could be achieved by ship owners. 

Slow steaming 

To improve vessel fuel efficiency and thereby limit emissions, slow steaming, that is the 

voluntary reduction of vessel speeds to save fuel costs and to avoid lay-ups with regard to 

overcapacity, is one of the most efficient operational measures immediately available to liner 

carriers (Fagerholt et al., 2010; Maloni et al., 2013). Since slower container ships cause longer 

ocean transit times, slow steaming negatively affects available capacity in the container shipping 

industry. In addition to the reduction of emissions, the absorption of excess fleet capacity and 

increased schedule reliability present strong arguments for the use of slow steaming in the 

container shipping industry (Maloni et al., 2013). However, slow steaming alone cannot result in 

meeting the new sulphur limits and should therefore only be seen as an additional measure. 
 

36 While discussing such propulsion technologies would go beyond the scope of this work, the International Chamber of 
Shipping, which is the global trade association representing more than 80% of the world merchant fleet, published a 
comprehensive guidance paper that gives an overview on the development of zero CO2 energy sources (ICS, 2019). 
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Not complying at all 

Under MARPOL Annex VI, port states are responsible to take appropriate measures to ensure 

ships’ compliance with IMO 2020 (NRF, 2019). They must enforce the provisions of MARPOL 

by monitoring the ships within their territorial waters and reporting non-compliance to the 

relevant flag state (NRF, 2019). However, based on the experiences from the 0.1% sulphur limit 

which was already implemented back in 2015, controlling whether each container ship is running 

on fuel compliant with locally applicable regulations is a challenging undertaking. Due to this, 

some countries might deviate from the general consensus of enforcing the IMO 2020 Sulphur 

Cap. For example, some port states might want to strengthen the domestic industry by not 

taking appropriate measures in their territorial waters. Nevertheless, it seems unlikely that a 

majority of the IMO Member States will do so over the next years.  

Given the reasons above, ship owners should be expected that compliance with IMO 2020 will 

predominantly be enforced around the globe. Despite this expectation, a minor share will likely 

not comply with IMO 2020. This can be explained above all by economic reasons. For example, 

some ship operators might not be willing to pay bunker suppliers for the cleaning of the ship's 

tanks in preparation for the fuel switch. Instead, they might decide to save costs by continuing 

with the use of non-compliant fuels.  

Overall, the majority of the world’s shipping fleet is expected to use low-sulphur fuels or 

alternatively traditional fuels if having a scrubber installed. Non-compliance with IMO 2020 is 

expected to be not an adequate strategy due to the reasons given above. However, if the price 

spread between LSFO and HSFO continuous to rise in the future, more and more operators of 

container ships without scrubbers installed could be tempted to use high-sulphur fuels and 

thereby not comply with IMO 2020.  
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7 CONCLUSION 

Overall, this thesis aspired to find what insights can be derived from applying Real Options 

Analysis to ship owners’ investment opportunity of installing scrubbers on ships that currently 

run on compliant low-sulphur fuel. This work shows that this valuation method can be used to 

adequately weigh the benefits from lower fuel costs against scrubber investment costs, since it 

also accounts for ship owners’ flexibility to adapt future actions in response to changing market 

conditions. By applying Real Options Analysis to the decision of retrofitting a scrubber on an 

8,600 TEU Post-Panamax container ship, the following conclusions were drawn. 

First, there is a trade-off between capital expenses for retrofitting ships with scrubbers and lower 

fuel costs. The higher the price spread between the compliant low-sulphur and the non-

compliant traditional fuels is, the faster the scrubber investment pays off. However, this work 

finds that the traditional net present value method would reject the opportunity to invest in the 

installation of a scrubber for the middle-sized ship under study. In contrast to this, the 

opportunity of investing in the installation of a scrubber can be valuable when applying Real 

Options Analysis.  

Second, the ship owner’s option of being able to switch compliance strategies from using low-

sulphur fuels to retrofitting a middle-sized container ship with a scrubber is valuable today. The 

real option of having the flexibility to install a scrubber when the fuel price between LSFO and 

HSFO becomes sufficiently large is worth around USD 1 million. Thus, the option to switch is 

valuable for the ship owner. Moreover, the larger the price differential between LSFO and 

HSFO is, the more valuable the ship owner’s option to switch from using compliant fuels 

(Strategy A) to installing a scrubber (Strategy B) becomes. 

Third, the real option’s value increases with ship size, which is in line with the findings from 

Lindstad et al. (2017) and Abadie et al. (2017). While installing a scrubber is especially attractive 

for large container ships, it does not seem to be the case for small container ships. This is mainly 

due to larger ships consuming more fuel, which ultimately increases the ships’ relevant annual 

fuel consumption and thus increases the ship owner’s potential future fuel price savings. 
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To conclude, by applying Real Options Analysis to the option of ship owners to invest in 

scrubbers for ships that currently run on compliant low-sulphur fuel, this thesis finds that the 

presence of this type of option adds value to today’s owners of sufficiently large container ships. 

In particular, based on the current price spread between LSFO and HSFO, scrubbers seem to 

provide substantial fuel cost savings to large container ships. 

The conclusions from this work directly relate to other vessel types like crude and product 

tankers, or bulk carriers. Moreover, many challenging and yet unanswered questions in regard to 

how ship owners can prepare their fleet for compliance with upcoming stricter greenhouse gas 

reduction measures, which are expected to substantially impact the shipping industry over the 

coming decades, can be addressed based on these findings. All in all, this work could provide the 

basis for future studies that choose to apply Real Options Analysis to other shipping segments, 

or with regards to compliance strategies for other environmental regulations.  

As the option to install a scrubber is valuable today, owners can use this insight by already 

entering into an option contract with scrubber suppliers and shipyards. This would ensure that 

they actually receive a scrubber when the required price spread level is reached and thereby also 

the demand for scrubbers by other ship owners increases. Determining the trigger rate for such 

an agreement could be the subject of future research. This work suggests that future research 

also expands the research scope by applying Real Options Analysis to investment projects while 

also accounting for switching costs, and recommends to focus especially on ship owners’ 

decision to comply with stricter carbon dioxide emission regulations, which will most likely keep 

the shipping industry busy over the next decades. 

 

 



 

  



 

APPENDIX A 

IMO’s Member States and Associate Members (as of October 2019) 

 

Source: IMO (2019e). 

 

  

Member States (I/III) Member States (II/III) Member States (III/III)

Canada 1948 Lebanon 1966 Saint Vincent and the Grenadines 1981
Netherlands 1949 Malta 1966 Nicaragua 1982
United Kingdom of Great Britain and Northern Ireland 1949 Singapore 1966 Fiji 1983
United States of America 1950 Maldives 1967 Guatemala 1983
Belgium 1951 Peru 1968 Togo 1983
Ireland 1951 Uruguay 1968 Brunei Darussalam 1984
Myanmar 1951 Saudi Arabia 1969 Viet Nam 1984
Australia 1952 Barbados 1970 Antigua and Barbuda 1986
France 1952 Hungary 1970 Democratic People's Republic of Korea 1986
Israel 1952 Libya 1970 Vanuatu 1986
Argentina 1953 Malaysia 1971 Bolivia (Plurinational State of) 1987
Dominican Republic 1953 Chile 1972 Solomon Islands 1988
Haiti 1953 Equatorial Guinea 1972 Malawi 1989
Honduras 1954 Sri Lanka 1972 Monaco 1989
Mexico 1954 China 1973 Belize 1990
Switzerland 1955 Cyprus 1973 Sao Tome and Principe 1990
Ecuador 1956 Democratic Republic of the Congo 1973 Luxembourg 1991
Italy 1957 Iraq 1973 Croatia 1992
Egypt 1958 Jordan 1973 Estonia 1992
Greece 1958 Kenya 1973 Bosnia and Herzegovina 1993
Iran (Islamic Republic of) 1958 Sierra Leone 1973 Czechia 1993
Japan 1958 Thailand 1973 Eritrea 1993
Norway 1958 Colombia 1974 Georgia 1993
Pakistan 1958 Oman 1974 Latvia 1993
Panama 1958 Sudan 1974 North Macedonia 1993
Russian Federation 1958 United Republic of Tanzania 1974 Paraguay 1993
Turkey 1958 Austria 1975 Slovakia 1993
Denmark 1959 Congo 1975 Slovenia 1993
Finland 1959 Ethiopia 1975 Turkmenistan 1993
Germany 1959 Guinea 1975 Albania 1993
Ghana 1959 Venezuela (Bolivarian Republic of) 1975 Kazakhstan 1994
India 1959 Bahamas 1976 Namibia 1994
Liberia 1959 Bahrain 1976 Ukraine 1994
Sweden 1959 Bangladesh 1976 Azerbaijan 1995
Bulgaria 1960 Cabo Verde 1976 Lithuania 1995
Côte d'Ivoire 1960 Gabon 1976 South Africa 1995
Iceland 1960 Jamaica 1976 Mongolia 1996
Kuwait 1960 Papua New Guinea 1976 Samoa 1996
New Zealand 1960 Portugal 1976 Grenada 1998
Poland 1960 Suriname 1976 Marshall Islands 1998
Senegal 1960 Angola 1977 Serbia 2000
Cambodia 1961 Guinea-Bissau 1977 Tonga 2000
Cameroon 1961 Qatar 1977 Comoros 2001
Indonesia 1961 Mauritius 1978 Republic of Moldova 2001
Madagascar 1961 Seychelles 1978 Saint Kitts and Nevis 2001
Mauritania 1961 Somalia 1978 San Marino 2002
Morocco 1962 Djibouti 1979 Kiribati 2003
Nigeria 1962 Dominica 1979 Tuvalu 2004
Republic of Korea 1962 Gambia 1979 Timor-Leste 2005
Spain 1962 Mozambique 1979 Zimbabwe 2005
Algeria 1963 Nepal 1979 Montenegro 2006
Brazil 1963 Yemen 1979 Cook Islands 2008
Syrian Arab Republic 1963 Benin 1980 Uganda 2009
Tunisia 1963 Guyana 1980 Palau 2011
Philippines 1964 Saint Lucia 1980 Zambia 2014
Romania 1965 United Arab Emirates 1980 Belarus (Republic of) 2016
Trinidad and Tobago 1965 Costa Rica 1981 Armenia 2018
Cuba 1966 El Salvador 1981 Nauru 2018

Associate Members

Hong Kong, China 1967
Macao, China 1990
Faroes 2002



 

APPENDIX B 

Types of contractual agreements between and ship owner and charterer 

 

Source: Stopford (2009, p.182). 

 

  



 

APPENDIX C 

Status quo - Scrubber installation count and prices for major liner carriers (as of November 2019) 

 
Source: Company information and market intelligence. 

  



 

APPENDIX D 

Technical and commercial considerations for a scrubber investment 

 
Source: Summary based on market intelligence. 

  



 

  



 

REFERENCES 

Abadie, L. M., Goicoechea, N., & Galarraga, I. (2017). Adapting the Shipping Sector to Stricter Emissions 
Regulations: Fuel Switching or Installing a Scrubber? Transportation Research Part D: Transport and 
Environment, 57, 237-250. 

Acciaro, M. (2014). Real Option Analysis for Environmental Compliance: LNG and Emission Control Areas. 
Transportation Research Part D: Transport and Environment, 28, 41-50. 

Alphaliner (2020). Alphaliner TOP 100 Ranking (as of January 2020). Retrieved from: 
https://alphaliner.axsmarine.com/PublicTop100/. 

Alizadeh, A., & Nomikos, N. (2009). Shipping Derivatives and Risk Management. Palgrave MacMillan, 
Basingstoke, United Kingdom. 

Anderson, M., Salo, K., & Fridell, E. (2015). Particle- and Gaseous Emissions from an LNG Powered Ship. 
Environmental Science & Technology, 49(20), 12568-12575. 

Bendall, H., & Stent, A. F. (2003). Investment Strategies in Market Uncertainty. Maritime Policy & Management, 
30(4), 293-303. 

Bendall, H. B., & Stent, A. F. (2005). Ship Investment under Uncertainty: Valuing a Real Option on the 
Maximum of Several Strategies. Maritime Economics & Logistics, 7(1), 19-35. 

Berk, J. B., & DeMarzo, P. M. (2016). Corporate Finance, 4th Edition. Pearson, London, United Kingdom.  

Bengtsson, S., Andersson, K., & Fridell, E. (2011). A Comparative Life Cycle Assessment of Marine Fuels: 
Liquefied Natural Gas and Three other Fossil Fuels. Proceedings of the Institution of Mechanical Engineers, 
Part M: Journal of Engineering for the Maritime Environment, 225(2), 97-110. 

Black, F., & Scholes, M. (1973). The Pricing of Options and Corporate Liabilities. Journal of Political Economy, 
81(3), 637-654. 

Brach, M. A. (2003). Real Options in Practice. John Wiley & Sons, Hoboken (NJ), United States of America. 

Brennan, M. J., & Schwartz, E. S. (1985). Evaluating Natural Resource Investments. Journal of Business, 58(2), 
135. 

Brynolf, S., Magnusson, M., Fridell, E., & Andersson, K. (2014). Compliance Possibilities for the Future ECA 
Regulations through the use of Abatement Technologies or Change of Fuels. Transportation Research 
Part D: Transport and Environment, 28, 6-18. 

Burel, F., Taccani, R., & Zuliani, N. (2013). Improving Sustainability of Maritime Transport through 
Utilization of Liquefied Natural Gas (LNG) for Propulsion. Energy, 57, 412-420. 

Chan, C. W. N., Cheng, C. H., Gunasekaran, A., & Wong, K. F. (2012). A Framework for Applying Real 
Options Analysis to Information Technology Investments. International Journal of Industrial and Systems 
Engineering, 10(2), 217-237. 



 

Clarksons (2020a). Containership Fleet, Average Days Under SOx Scrubber Retrofit (Timeseries #8932913); 
as of January 2020. Clarksons Research, London, United Kingdom. 

Clarksons (2020b). Containership Fleet, Total SOx Scrubber Fitted (Timeseries #8930769, #8930774, and 
#8945545); as of January 2020. Clarksons Research, London, United Kingdom. 

Clarksons (2020c). Containership Fleet, Under SOx Scrubber Retrofit (Timeseries #8934490, #8934498, and 
#8936485); as of January 2020. Clarksons Research, London, United Kingdom. 

Clarksons (2020d). HSFO 380cst Bunker Prices (3.5% Sulphur), Rotterdam and Singapore (Timeseries 
#69293, and #11823); as of January 2020. Clarksons Research, London, United Kingdom. 

Clarksons (2020d). MGO Bunker Prices, Rotterdam and Singapore (Timeseries #61142, and #83677); as of 
January 2020. Clarksons Research, London, United Kingdom. 

CMA CGM (2017). World Innovation: CMA CGM is the First Shipping Company to Choose Liquefied 
Natural Gas for its Biggest Ships. Retrieved from: https://www.cma-cgm.com/news/1811/world-
innovation-cma-cgm-is-the-first-shipping-company-to-choose-liquefied-natural-gas-for-its-biggest-
ships.  

Corbett, J. J., Winebrake, J. J., Green, E. H., Kasibhatla, P., Eyring, V., & Lauer, A. (2007). Mortality from 
Ship Emissions: A Global Assessment. Environmental Science & Technology, 41(24), 8512-8518. 

Corbett, J. J., Wang, H., & Winebrake, J. J. (2009). The Effectiveness and Costs of Speed Reductions on 
Emissions from International Shipping. Transportation Research Part D: Transport and Environment, 14(8), 
593-598. 

Cox, J. C., Ross, S. A., & Rubinstein, M. (1979). Option Pricing: A Simplified Approach. Journal of Financial 
Economics, 7(3), 229-263. 

Deniz, C., & Zincir, B. (2016). Environmental and Economical Assessment of Alternative Marine Fuels. 
Journal of Cleaner Production, 113, 438-449. 

Dikos, G. N., & Thomakos, D. D. (2012). Econometric Testing of the Real Option Hypothesis: Evidence 
from Investment in Oil Tankers. Empirical Economics, 42(1), 121-145. 

Dixit, A. (1989). Entry and Exit Decisions under Uncertainty. Journal of Political Economy, 97(3), 620-638. 

DNV GL (2019). Global Sulphur Cap 2020 - Insights on Compliance Options and Implications for Shipping 
(published February 2019). DNV GL Classification Society. Høvik, Norway & Hamburg, Germany. 

EC (2019). The European Green Deal (published December 2019). European Commission (EC), Brussels, 
Belgium. 

ECG (2013). Sulphur Content in Marine Fuels, Briefing Report (published January 2013). ECG - The 
Association of European Vehicle Logistics. Brussels, Belgium. 

ECSA (2019). Strategic Priorities for EU Shipping Policy 2019 – 2024 (published March 2019). The European 
Community Shipowners’ Associations (ECSA). Brussels, Belgium. 

Endresen, Ø., Sørgård, E., Behrens, H. L., Brett, P. O., & Isaksen, I. S. (2007). A Historical Reconstruction of 
Ships' Fuel Consumption and Emissions. Journal of Geophysical Research: Atmospheres, 112(D12). 



 

EPA (2019). Sulfur Dioxide (SO2) Pollution, United States Environmental Protection Agency (EPA). 
Retrieved from: https://www.epa.gov/so2-pollution. 

Eyring, V., Isaksen, I. S., Berntsen, T., Collins, W. J., Corbett, J. J., Endresen, O., ... & Stevenson, D. S. (2010). 
Transport Impacts on Atmosphere and Climate: Shipping. Atmospheric Environment, 44(37), 4735-4771. 

Fagerholt, K., Laporte, G., & Norstad, I. (2010). Reducing Fuel Emissions by Optimizing Speed on Shipping 
Routes. Journal of the Operational Research Society, 61(3), 523-529. 

Hapag-Lloyd (2019). IMO2020 For Greener Shipping. Retrieved from: https://www.hapag-
lloyd.com/en/about-us/sustainability/imo-2020.html.  

Hull, J. C. (2017). Option, Futures and other Derivatives, 9th Edition. Pearson, London, United Kingdom. 

ICS (2019). Compliance with the 2020 ‘Global Sulphur Cap’ (published July 2019). International Chamber of 
Shipping (ICS), London, United Kingdom. 

ICS (2020). Shipping Facts, International Chamber of Shipping (ICS). Retrieved from: http://www.ics-
shipping.org/shipping-facts/.  

IMO GHG Study (2015). 3rd IMO Greenhouse Gas Study 2014 (published October 2014). International 
Maritime Organization (IMO). London, United Kingdom. 

IMO (2019a). Pollution Prevention, International Maritime Organization (IMO). Retrieved from: 
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/. 

IMO (2019b). Status of Conventions, International Maritime Organization (IMO). Retrieved from: 
http://www.imo.org/en/About/Conventions/StatusOfConventions/.  

IMO (2019c). Special Areas under MARPOL, International Maritime Organization (IMO). Retrieved from: 
http://www.imo.org/en/OurWork/Environment/SpecialAreasUnderMARPOL/. 

IMO (2019d). Greenhouse Gas Emissions, International Maritime Organization (IMO). Retrieved from: 
http://www.imo.org/en/OurWork/Environment/PollutionPrevention/AirPollution/. 

IMO (2019e). Member States, International Maritime Organization (IMO). Retrieved from: 
http://www.imo.org/en/About/Membership/.  

IVL (2019). Environmental Analysis of Marine Exhaust Gas Scrubbers on Two Stena Line Ships (published 
July 2019). IVL Swedish Environmental Research Institute. Stockholm, Sweden. 

Jiang, L., Kronbak, J., & Christensen, L. P. (2014). The Costs and Benefits of Sulphur Reduction Measures: 
Sulphur Scrubbers Versus Marine Gas Oil. Transportation Research Part D: Transport and Environment, 28, 
19-27. 

Jørgensen, P. L., & De Giovanni, D. (2010). Time Charters with Purchase Options in Shipping: Valuation and 
Risk Management. Applied Mathematical Finance, 17(5), 399-430. 

Kodukula, P., & Papudesu, C. (2006). Project Valuation using Real Options: A Practitioner's Guide. J. Ross 
Publishing, Fort Lauderdale (FL), United States of America. 

Kou, Y., & Luo, M. (2018). Market Driven Ship Investment Decision using the Real Option Approach. 
Transportation Research Part A: Policy and Practice, 118, 714-729. 



 

Lindstad, H. E., & Eskeland, G. S. (2016). Environmental Regulations in Shipping: Policies Leaning Towards 
Globalization of Scrubbers Deserve Scrutiny. Transportation Research Part D: Transport and Environment, 
47, 67-76. 

Lindstad, H. E., Rehn, C. F., & Eskeland, G. S. (2017). Sulphur Abatement Globally in Maritime Shipping. 
Transportation Research Part D: Transport and Environment, 57, 303-313.  

Lloyd’s List (2019a). Open-loop Scrubbers in Ports - What’s All the Fuss About? (published November 2019). 
Lloyd’s List Intelligence Analysis. London, United Kingdom. 

Lloyd’s List (2019b). Container Shipping goes Big on Transition Fuel (published October 2019). Lloyd’s List 
Intelligence Analysis. London, United Kingdom. 

Lloyd’s List (2020). Fresh Highs Seen for Compliant Fuel Prices (published January 2020). Lloyd’s List 
Intelligence Analysis. London, United Kingdom. 

Maersk (2019a). Maersk Interim Report Q2-19 (published August 2019). Retrieved from: 
http://investor.maersk.com/financial-reports. 

Maersk (2019b). Maersk AE6 Westbound. Retrieved from: https://www.maersk.com/global-
presence/shipping-from-asia-to-europe/ae6-westbound.  

Maloni, M., Paul, J. A., & Gligor, D. M. (2013). Slow Steaming Impacts on Ocean Carriers and Shippers. 
Maritime Economics & Logistics, 15(2), 151-171. 

MAN (2012). Costs and Benefits of LNG as Ship Fuel for Container Vessels (published August 2012). MAN 
Diesel & Turbo. Copenhagen, Denmark. 

McDonald, R., & Siegel, D. (1986). The Value of Waiting to Invest. The Quarterly Journal of Economics, 101(4), 
707-727. 

MEPC (2019). Meeting Summaries 2010-2019, Marine Environment Protection Committee (MEPC). 
Retrieved from: http://www.imo.org/en/MediaCentre/MeetingSummaries/MEPC/. 

NRF (2019). IMO 2020: Are We Ready? (published October 2019). Norton Rose Fulbright, London, United 

Kingdom. 

OECD/ITF (2016). Reducing Sulphur Emissions from Ships: The Impact of International Regulation 
(published May 2016). OECD International Transport Forum (ITF). Paris, France. 

OECD/ITF (2018). The Impact of Alliances in Container Shipping (published November 2018). OECD 
International Transport Forum (ITF). Paris, France. 

ONE (2018). MARPOL 2020 Global Sulphur Limit, Ocean Network Express (ONE). Retrieved from: 
https://www.one-line.com/sites/g/files/lnzjqr776/files/2018-
09/ONE_2020LowSulphur_201808.pdf. 

Panasiuk, I., & Turkina, L. (2015). The Evaluation of Investments Efficiency of SOx Scrubber Installation. 
Transportation Research Part D: Transport and Environment, 40, 87-96. 

Pfoser, S., Schauer, O., & Costa, Y. (2018). Acceptance of LNG as an Alternative Fuel: Determinants and 
Policy Implications. Energy Policy, 120, 259-267. 



 

Pires, F. C., Assis, L. F., & Fiho, M. R. (2012). A Real Options Approach to Ship Investment Appraisal. 
African Journal of Business Management, 6(25), 7397-7402. 

Porter, M. E. (1980). Competitive Strategy. Free Press, New York (NY), United States of America. 

Poulsen, R. T. (2010). The Emergence of New Organisational Forms in Liner Shipping: Swedish Liner 
Shipping and International Consortia, 1960–75. Journal of Transport History, 31(1), 69-88.  

Rau, P., & Spinler, S. (2016). Investment into Container Shipping Capacity: A Real Options Approach in 
Oligopolistic Competition. Transportation Research Part E: Logistics and Transportation Review, 93, 130-147. 

Rehmatulla, N., Parker, S., Smith, T., & Stulgis, V. (2017). Wind Technologies: Opportunities and Barriers to 
Low Carbon Shipping Industry. Marine Policy, 75, 217-226. 

Reuters (2019). Ship Owners Worry About Clean Fuel Bill as Ports Ban Scrubbers. Retrieved from: 
https://reut.rs/2HDpSPA. 

Sarkar, S. (2000). On the Investment Uncertainty Relationship in a Real Options Model. Journal of Economic 
Dynamics & Control, 24(219), 225. 

Shi, W., Grimmelius, H. T., & Stapersma, D. (2010). Analysis of Ship Propulsion System Behaviour and the 
Impact on Fuel Consumption. International Shipbuilding Progress, 57(1-2), 35-64. 

Ship & Bunker (2020). News and Intelligence for the Maritime Fuels Industry. Retrieved from: 
https://www.shipandbunker.com/.  

Stopford, M. (2009). Maritime Economics. Routledge, London, United Kingdom. 

Sødal, S., Koekebakker, S., & Aadland, R. (2008). Market Switching in Shipping - A Real Option Model 
applied to the Valuation of Combination Carriers. Review of Financial Economics, 17(3), 183-203. 

Trigeorgis, L. (1993). Real Options and Interactions with Financial Flexibility. Financial Management, 202-224.  

Trigeorgis, L. (1995). Real Options in Capital Investment: Models, Strategies, and Applications. Greenwood 
Publishing Group, Westport (CT), United States of America. 

Tsekrekos, A., & Kavussanos, M. (2010). The Option to Change the Flag of a Vessel. In: Cullinane, K. (Ed.), 
International Handbook of Maritime Economics. Edward Elgar, Cheltenham, United Kingdom. 

UBA (2015). Impacts of Scrubbers on the Environmental Situation in Ports and Coastal Waters (published 
July 2015). Umweltbundesamt. Dessau-Roßlau, Germany. 

Van Biert, L., Godjevac, M., Visser, K., & Aravind, P. V. (2016). A Review of Fuel Cell Systems for Maritime 
Applications. Journal of Power Sources, 327, 345-364. 

Walker, T. R., Adebambo, O., Feijoo, M. C. D. A., Elhaimer, E., Hossain, T., Edwards, S. J., ... & Zomorodi, 
S. (2019). Environmental Effects of Marine Transportation. In: World Seas: An Environmental 
Evaluation, Academic Press (pp. 505-530). 

WHO (2018). Ambient (Outdoor) Air Pollution, World Health Organization (WHO). Retrieved from: 
https://www.who.int/en/news-room/fact-sheets/detail/ambient-(outdoor)-air-quality-and-health. 

 


