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IMO energy efficiency regulatory developments 

 

Figure 2. 

Source: IMO, 2015 

 There are many studies regarding ecological and economic 

assessments of different abatement solutions with their cost-benefit analysis (Eide, 

Endresen, Skjong, Longva, & Alvik, 2009). It limits the approach for the shipowners 

to a single dimension. The economic impact of fluctuation of fuel costs and 

environmental pressure has forced shipowners to go for more clean, efficient energy 

technology (Notteboom, 2010). Shipowners should assess all air pollution reduction 

measures with regards to each attribute. These assessments can be environmental, 

economical and technological (Osés & Castells, 2009). However, there is no 

research for shipowners for making coherent decisions by comparing all the 

measures. The need for the cost effective socially accepted abatement measure is 

more than ever when the shipping industry is in under much pressure to comply with 

the stringent rules and regulations imposed by IMO and EU Directives.  

1.2. Motivation 

 

“Finding enough money to remain compliant with environmental regulation is going 

to be a challenge for shipowners and operators over the next few years.” 

 

(Stephens Moore, MarEx, 2014) 
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     The idea of developing a decision framework for shipowners on how 

to reach sustainable goals of IMO is the main driving force behind this dissertation. 

The profitability of shipowners in the long term depends on environment and health 

impacts, air pollution reduction, and sustainability, and they are connected with each 

other. In this regard, a comparison between the MBM, operational measures, carbon 

tax and compliance cost for averting carbon equivalent is made. The analysis will 

assist shipowners to go for one or numerous measures in a cost – effective manner 

while making their strategy. 

1.3. Aim 

The main aim of this dissertation is to make a decision-making 

framework for shipowners to go for appropriate measures for reducing air emissions 

while maintaining their profitability. The dissertation discusses the issues and 

reduction techniques related to emissions from the shipping sector. The study 

showed that the new rules like SOx and NOx emissions regulations would cause 

modal backshift and consequently will increase the costs of freight 

(Rozmarynowska, 2012). The main question addressed in this dissertation is what is 

the best option for a ship-owner whether to invest in technical measures or 

abatement technologies or chose a reliable market-based measure or to pay the 

carbon tax. However, there is no study comparing different measures. The ship-

owner should make use of available technologies, calculation methods and emission 

reduction techniques to meet their objectives and ensure their profitability (Corbett & 

Fischbeck 1997). With the use of proper model and techniques, external effects can 

be quantified into monetary values and can be reduced. In this dissertation, a 

combination of both qualitative and quantitative approach is taken to fill the gaps in 

decision criteria for shipowners. 

1.4. Research questions 

The following questions will be discussed in the dissertation to fill the 

gap of compliance options faced by shipowners and decision makers. 

 How do emissions affect the climate change and human health? How do 

shipowners anticipate future environmental constraints?  
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 What factors and technology improvements are responsible for a vessel in 

their overall environmental performance? 

 What will be the effect of MBM if implemented? Is MBM compatible with IMO 

legal framework? Is Carbon tax necessary for reduction of air emission? 

 What is the total cost of compliance due to new stringent environmental 

regulations? Do shipowners adjust their strategies for environmental 

liabilities?  

 What are the factors missing in the decision framework for shipowners when 

making a compliant strategy for air emission reduction? 

1.5. Methodology 

The dissertation has used both quantitative and qualitative methodologies to 

design a decision framework for shipowners. 

Qualitative methods used in this dissertation includes: 

1. Study of different methods for development of the monitoring air emissions 

and inventory techniques.  

2. Exposition of various factors affecting the adoption of air emission reduction 

measures.  

3. Economy-wide impact analysis of MBM, Carbon tax, technical and 

operational measures for making a decision framework. 

Quantitative methods used in this dissertation includes emission reduction 

calculation, cash flow analysis, and measurement of external cost. 

4. The decision framework is exemplified with a real case study on the 

environmental and economic analysis of adopting Methanol as an alternative 

fuel onboard MV Stena Germanica. The result of the case study will be 

analysed and compared with the MBM, carbon tax to find out the impact on 

the polluter financially. 

5. Estimation of externalities caused by air pollution.  
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1.6. Outline of the thesis 

The dissertation is divided into following chapters. 

Chapter 1 is about the background for air emissions measures and mentions 

motivation, aim and research questions for this dissertation. Then the methodology 

of the dissertation is discussed. Lastly outline of the dissertation is given. 

Chapter 2 gives a background information about similar studies done. 

Chapter 3 describes an overview emissions by maritime transport including the 

scope of emissions, air quality information around Europe and the world, 

Measurement and data compilation techniques is discussed in this chapter. This 

chapter also discusses the impact of air emissions to the ecosystem and human 

health. 

Chapter 4 analyses all the options available to shipowners i.e. technical, operational 

and MBM to reduce air emissions. 

Chapter 5 analyses Methanol as a future marine fuel. A financial analysis is done for 

the vessel MV Stena Germanica which has switched to Methanol from MGO to sail 

in the ECA area. This chapter includes a section about findings and discussion of 

the results. The results from the case study of compliance cost for fuel switching and 

other measures will be compared. 

Chapter 6 discusses the decision framework for shipowners. Gaps in decision 

framework are identified. Emission projections and health cost analysis are done. 

Externality costs are calculated for the case study. 

Chapter 7, the final chapter includes concluding remarks and will mention a 

summary of the main results and comparison between various measures available 

to shipowners. 

 At the end of the dissertation are references followed by Appendix A, B, C, D, E, F, 

G, H, I which consist of the calculations and other relevant data. 

  



 

7 
 

 

 

 

 

2. Literature Reviews 

Magnus et al., (2009) assessed the cost-effectiveness of CO2 reducing 

measures in shipping. Some technical and operational measures for reducing the 

CO2 emissions were analysed for finding out the most cost effective measures.The 

study concluded by introducing a decision criterion of CATCH1<50$/t CO2. Shipping 

may benefit significantly from the global emission reduction in a cost-effective 

manner. The advantage of using this approach was in favour of shipowners as it is 

easy to comply with the stringent regulations by investing less. 

 Ölcer et al., (2015) discussed a decision-making framework for 

evaluating the trade-off solutions of cleaner seaborne transportation for 

Copenhagen Port by using cold ironing technology. In this study, the economic 

perspective of the technology was taken into consideration. The paper uses the 

fuzzy logic technique for decision making for shipowners. 

O balland et al., (2014) discussed the possible framework for concurrent 

optimisation of machinery system design and emission control installation onboard. 

This model did not debate the uncertainty in the future operation profile of the ship 

and prices of alternative fuel like LNG. Stott (2012) analysed the behaviour of the 

ship operators relating to the investment in the retrofitted equipment on new and 

existing vessel. The result indicated that the first owners present the best targets for 

selling the retrofitted equipment. The main reason is to get access to the extended 

payback period for their investment. 

Banawan et al., (2009) proved that the conversion process of ship’s 

main engine from the conventional fuel to an alternative fuel has both environmental 

and economic benefits. The emission reduction in NOx, SOX, CO2, and PM was 

demonstrated. The annual costs for operation and maintenance were found to be 

less by 39%. The problem which the study did not cover was capital cost of the 

conversion process and bunkering infrastructure for LNG for the ships 
                                                
1
 Cost of averting a tonne of CO2 eq heating 
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Seddiek et al., (2014) analysed various methods which would reduce 

emissions. The results showed valuable percentage reduction by using Selective 

catalytic reduction (SCR) and scrubber systems. As per the study it was found that 

these measures were costly and would increase the operational cost of the ship. 

However, the study concluded that use of LNG as a fuel would give better results 

environmentally and economically. 

Isensee and Bertram (2004) in their paper of quantifying external costs 

of emissions due to ship operation compiled the data for ship emissions. The study 

evaluated the use of alternative fuels for simulation and optimisation of transport 

costs involving ships. Bengtsson et al., (2011) compared the alternative fuels with 

Heavy Fuel Oil (HFO) and LNG for complying with SECA and Tier III regulations. 

Life cycle assessment of various fuels was done, and their acidification and 

eutrophication potential was evaluated. The study was useful in considering the 

environmental performance of the marine fuel and impact on the life cycle to choose 

the best alternative fuel. Zhou et al., (2003) analysed the eco-efficiency of biodiesel 

as a fuel in recreational boats in the United Kingdom. The property of biodiesel 

makes it suitable for inland waterways application and feasible when compared to 

other fuels.  

Elgohary et al., (2013) compared alternative marine fuels for their 

environmental benefits the main emphasis was on LNG as future marine fuel. The 

work presented LNG could offer a reduction in SOX, NOX, CO2 and PM by 98%, 

86%, 11% and 96%respectively. It was also concluded that the use of LNG would 

offset the use of conventional fuel. The limitation highlighted in this paper was due 

attention must be made regarding rules and regulations for ensuring safe storage, 

transport, and bunkering of LNG. 

A study from the Danish companies for vessel emission was done in 

2012. The work compared the various abatement technologies to meet emission 

levels for ECA’s.The study concluded that it is possible to reduce SOx by retrofitting 

the scrubber (Nielsen et al., 2012). The payback period found is quite long term. The 

study also revealed that the payback period is long if the LNG is used as a marine 

fuel within ECA area but when used outside the ECA area the payback period is 

almost one third. From the study, it is quite evident that complying with the LNG 

would bring financial benefit to the shipowners in the long term. 
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Psaraftis et al., (2010) discussed the balancing of the economic and 

environmental performance of the international shipping. The study provided some 

scenarios and framework to calculate the emissions. The work gave a framework for 

calculating the economic benefits in case of fuel switching considering the variability 

in the fuel prices. 

Lazarowicz talks about a framework for reducing emissions by Global 

Carbon Trading mechanism in his paper (2009). The paper compares the two 

approaches sectoral and distributed auction approach. Lazarowicz concludes that 

the global emissions trading administered by IMO will bring the necessary 

environmental and economic benefit in the short run. The environmental outcome 

can be generated by setting a cap, and economic benefit will be favoured by trade. 

Yubing shi (2016) analyses the MBM for reduction of GHG emissions 

from international shipping. The discussion proves that the MBMs are necessary for 

achieving absolute emissions reduction even though some of the MBMs are not 

justified at this particular time. The study reveals that the international community is 

looking forward to adopting global sectoral reductions target by levy scheme. 

Liping Jiang et.al (2010) used the voyage based model to calculate the 

external cost for a ship. In the study, they did a cost-benefit analysis of saving in air 

pollution and climate change costs. In conclusion, environmental benefit is sufficient 

to increase the benefit-cost ratio. A similar methodology is used in the case study by 

the author. 

In the maritime industry, premature deaths can be avoided by using 

alternative fuels to HFO and Diesel oil as it reduces the emissions of fine particles. 

The tropospheric ozone formation is because of photochemical reactions of GHG 

gases like NOX, CO, CH4 and VOCs (Ebi and McGregor, 2008). Reactions of GHG 

gases also increases the formation of the Ozone layer because of elevated 

temperature. (Hesterberg et al., 2009). 

Chul-hwan Han (2010) gives different strategies to reduce air pollution from 

the maritime industry. He explains the technical, operational and market-based 

strategies available to shipowners and analyses the compliant strategy. The 

limitation of this study is there is no methodology for assessing the cost-

effectiveness of this strategy. 
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Brandt et al., (2013) studied public health costs due to air emissions from 

international shipping in Europe for the year 2000, 2007, 2011, and projected for the 

year 2020. The study used the EVA modelling technique which maps the long range 

transport and physical and chemical changes. Data on the population who are 

exposed to the air pollutant concentration was evaluated, and health cost analysis 

was done to calculate the health externality. 
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3. Air emissions 

This chapter provides an overview on air emissions caused by the 

shipping sector. It will help the reader to understand the know-how of air emissions 

and methods of reporting emissions data. This section also discusses the need and 

methodology for inventory management of air emissions as it will help shipowners to 

quantify their financial impacts. 

3.1. Air emissions and Maritime Transport 

The Greenhouse gas protocol in Kyoto has listed seven gases as the 

GHG gases under the 2011 amendments. They are Carbon dioxide (CO2), Methane 

(CH4), Nitrous oxide (N2O), Hydrofluorocarbons (HFCs), Perfluorocarbons (PFCs), 

Sulphur hexafluoride (SF6) and Nitrogen trifluoride (NF3 ). The other indirect 

greenhouse gases mentioned are SO2, NOx, CO, and NMVOC2 

(UNFCCC,1992)(Kyoto Protocol, 1997). These gases are emitted from various 

sources. 

World trade has led to the demand for seaborne transportation. As per 

the United Nations Conference on Trade and Development report (2015), shipping 

industry contributes about US$380 in transport prices globally which comes around 

5% of total world trade. Over the last two decades, total seaborne trade has 

doubled. It is clearly visible in Figure 3 the demand for all kinds of products and raw 

materials have increased. It is projected that in 2060 the contribution from shipping 

will be 23 billion tonnes of cargo transportation (Rahm, 2015). The growth in 

demand might lead to the increase in the air emissions. Therefore, rules and policies 

are imposed at national and international levels. 

The world’s population is increasing, and hence the demand for 

manufactured products and raw materials. Since the maritime transport is the most 

fuel efficient form of transport compared to the other sectors, there will be an 

                                                
2
 Non-Methane Volatile Organic Compounds 
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increase in global trade being carried out by sea. Hence, the increase in air pollution 

can be predicted (IEA Statistics, 2015). 

World Seaborne Trade in last 20 years. 

 

Figure 3. 

Source: Clarkson Intelligence Network. 

GHG emissions of OECD Countries 

 

Figure 4 GHG emissions of OECD Countries in the year 2011 compared to the year 2000. 

Source: OECD Factbook 2014: Economic, Environmental, and Social Statistics - © OECD 

05-05-2014. 

Figure 4 represents the GHG emissions from OECD countries 

contributed by the shipping sector. There has been a considerable decrease in the 

emission because of new policies and regulations for emissions. As also indicated in 

Figure 5 the CO2 emissions from marine bunkers were increasing till the year 2010, 
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but after EEDI regulation was approved, there has been a significant downfall in the 

emissions across different regions of the world. 

CO2 eq emissions from marine bunkers in million tonnes. 

 

Figure 5. CO2 eq emissions from marine bunkers in million tonnes. 

Source: IEA CO2 Emissions from Fuel Combustion, OECD/IEA, Paris, 2015. 

Table 1 represents CO2, GHG, CH4, and NO2 from fossil fuel consumption 

and cement production, converted from Tg C per year to million tonnes. International 

shipping accounts for 0.24% and 5.60 % of CH4 and N2O compared to global 

emissions whereas total shipping including domestic shipping was calculated as 

0.24% and 6.60% for CH4 and N2O respectively. 

Table 1 Shipping emissions compared with global (values in million tonnes) 

Year Global  Total 
shipping  

Percentage 
of global 

International 
shipping  

Percentage 
of global 

Average global CO2 in 
million tonnes 

33,27
3 

1,015 3.10% 846 2.60% 

Average global CO2e 
in million tonnes 

36,74
5 

1,036 2.80% 866 2.40% 

Average global Ch4 in 
thousand tonnes 

96000 229 0.24% 227 0.24% 
 

Average global N20 in 
thousand tonnes 

700 46 6.60% 39 5.60% 
 

Sources: Boden et al., 2013, for years 2007-2010; Peters et al., 2013, for years 2011-2012, 

as referenced in IPCC (2013)  
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Emissions - EU28 (Convention) - Tg (million tonnes) 

 

Figure 6. GHG gases equivalent to CO2 by international shipping in the European region 

Source: Compiled by author by data given by EU Council 

Emissions - EU28 (Convention) - Tg (million tonnes) 

 

Figure 7. GHG gases equivalent to CO2 by domestic shipping and inland waterways in the 

European region. 

Source: Compiled by author by data provided by EU Council 

 

                        The emissions around Europe caused by the domestic and 

international shipping are shown in Figures 6 and 7. Figure 6 demonstrate the 

emissions of GHGs equivalent to CO2 by international shipping in the European 

region. It is evident from the graph; there has been a decrease in the GHG 

emissions after 2008 because the global sulphur cap was reduced to 3.5% and 1% 

in ECA. Figure 7 shows the emissions of GHG gases equivalent to CO2 by domestic 

shipping and inland waterways in the European region. There has been a 
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considerable reduction because of the policies and regulations took by the EU 

directives as a proactive approach.  

3.2. Impact of air emissions 

Figure 8 explains the air pollutant concentrations and the effect of 

individual gases on the climate, ecosystem, and human health. Depositions of 

Nitrogen and Sulphur compounds have adverse effect on the ecosystem. The 

impact of air emissions on acidification and eutrophication of water is due to the 

deposition of air pollutants. According to Ng and Song (2010), the shipping industry 

possesses negative externalities to natural habitats and ecosystems. The illustration 

was shown by using EMEP3 model (EMEP, 2015). The EMEP model gave the 

potential of emissions for acidification and eutrophication by using source-receptor 

matrices. According to EMEP receptor emissions around Europe has increased 

tremendously in the last five years. 

Impact on health, ecosystem and climate. 

 

Figure 8. Major air pollutants in Europe clustered according to impact on health, ecosystem, 

and climate. 

Source: Adapted from EEA (2012): Air quality in Europe 2012-report 

                                                
3
 European Monitoring and Evaluation Program (monitoring and evaluation of long range transmission of 

airpollution) 

https://www.lucidchart.com/documents/edit/473cc04d-066c-4371-bc26-281b4d234ab9/0?callback=close&v=674&s=612
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GHG concentration is the main reason for global warming which is 

causing climate change. Global warming can be measured by an increase in global 

average temperature. The GHGs have different global warming potential (GWP). 

GWP is defined as 

“The index is defined as the cumulative radiative forcing between the 

present and some chosen time horizon caused by a unit mass of gas emitted now, 

expressed relative to that for some reference gas (here CO2 is used).” 

 (IPCC, 1995) 

The GWP over a different period can be calculated by multiplying the GWP 

by the amount of gases emitted. The GWP varies a lot because different gases have 

a different lifespan in the atmosphere. Figure 9 shows that GWP of different GHG 

mentioned in the climate change report during the time horizon 20, 100 and 500 

years. Different marine fuels emit different concentrations of pollutants and hence 

understanding the GWP of different gasses is necessary when choosing an 

alternative fuel. 

GWP of GHGs 

 

Figure 9 GWP of GHGs over different time span adapted from Bern carbon cycle model 

Source: Climate Change 1995, The Science of Climate Change: Summary for Policymakers 

and Technical Summary of the Working Group I Report, page 22. 

Brandt et al.,(2013) studied air emissions from the international shipping and 

evaluated that there were 50,000 premature deaths per year in Europe.Effects on 

the health are discussed in this section. 
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Table 2 Percentage of the urban population in the EU-27 Member States exposed to 

air pollutant concentrations above the EU and WHO reference levels (2009-2011). 

Pollutant EU reference   
value 

Exposure 
estimate (%) 

WHO reference  
level 

Exposure 
estimate (%) 

PM2.5 Year (20) 20-31 
 

Year (10) 91-96 

PM10 Day (50) 22-33 Year (20) 85-88 

O3 8-h (120) 14-18 8-h (100) 97-98 

NO2 Year (40) 5-13 Year (40) 5-13 

BaP Year(1ng/m
3
) 22-31 Year(0.12ng/m

3
) 76-94 

SO2 Day (125) <1 Day (20) 46-54 

CO 8-h (10 mg/m
3
) <2 8-h(10 mg/m

3
) <2 

Pb Year (0.5) <1
a
 Year (0.5) <1

a
 

C6H6 Year (5) <1 Year (1.7) 12-13 

Source: Air quality status and trends in Europe (Cristina et .al, 2014). 

Table 2 shows the comparison made for the most stringent EU limit or 

target values set for the protection of human health and illustrates the percentage of 

population exposed to different kind of air pollutants concentrations.Table 3 gives 

the overview of air quality as per the guidelines of WHO for various pollutant 

concentrations to the percentage of population exposed.  

Table 3 WHO air quality guidelines (WHO, 2006, 2000) 

Pollutants Averaging time 
AQG

4
 values 

(μg/m3) 

Particulate matter     

 PM2.5 1 year 10 

  24 h (99th percentile) 25 

 PM10 1 year 20 

  24 h (99th percentile) 50 

Ozone O3 8 h daily maximum 100 

Nitrogen dioxide NO2 1 year 40 

  1 h 100 

Sulphur dioxide SO2 24 h 20 

  10 min 500 

Source: Air quality status and trends in Europe Cristina B.B. Guerreiro et al.,2014. 

                                                
4
 Air Quality Guidelines 


