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Abstract 

 

The Arctic Ocean is experiencing considerable and adverse environmental change 

driven by global warming. Global warming is inducing Arctic ice to melt and recede, 

facilitating increased accessibility for ships to transit through. Arctic shipping routes 

are shorter than their counterparts the Suez and Panama Canal routes. For the same 

origin and destination, a shorter shipping route would enable lower transport costs and 

an increased volume of trade. In this thesis, the principal contribution is to expand the 

framing of Arctic shipping feasibility to include costs from emission externalities and 

assess Arctic shipping feasibility on balance with these externalities.  

Five scenarios which represent different societal choices and levels of global warming 

were considered to see how they affect the development of Arctic shipping viability. 

All ships are treated as newbuilds, alternative fuelled ships are assumed to have the 

machinery retrofitted on top of the newbuild design. A dimensionless metric was 

proposed to enable a comparison of Arctic shipping feasibility between the different 

scenarios in the years 2020, 2035 and 2050. Including emission damages increased 

the feasibility of Arctic shipping due to the lower damages associated with air pollution 

in the Arctic and a lower intensity of emissions. However, only externalities from a 

select number of emission species were considered which means that the considered 

environmental costs are an underestimate. The veracity of increased feasibility is 

discussed.  

A deterministic analysis was complemented with a stochastic assessment to address 

uncertainties and show that Arctic shipping probably becomes economically feasible 

for container shipping and infeasible for dry bulkers across all scenarios. Mixed results 

were returned for tankers. A sensitivity analysis found that the most significant 

variables that determine Arctic shipping feasibility were the cost of carbon, engine load 

and route lengths. This thesis concludes with a discussion on the implications of these 

results.  
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𝑠𝑓𝑐𝑀𝐸 Main engine specific fuel consumption at design conditions for 

either an ice class or open water ship (gkWh-1) 

𝑠𝑓𝑐𝐿 Main engine specific fuel consumption at load 𝐿 for either an ice 
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𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 Total annual main engine fuel consumption on Arctic route 𝐴, 

above 60o N latitude (polar section) (tonnes). 

𝑠𝑓𝑐𝐴𝑢𝑥 Auxiliary engine specific fuel consumption (gkWh-1) 

𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐 Total annual auxiliary engine fuel consumption on Arctic route 𝐴, 

above 60o N latitude (tonnes) 

𝐹𝐶𝐵𝑜𝑖𝑙 Unit boiler engine fuel consumption (tonnes per day) 

𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐 Total annual boiler engine fuel consumption on Arctic route 𝐴, 

above 60o N latitude (tonnes) 

𝑡𝐴𝑟𝑐𝑡𝑖𝑐 Time spent transiting through Arctic route 𝐴 above 60o N latitude. 

(days) 

𝑅𝑖𝑛𝑝 Total route length of Arctic route 𝐴 (NM) 

𝑅𝐴 Route length of Arctic route 𝐴 above 60o N latitude. (NM) 

𝑡𝑂𝑊 Time spent transiting through Arctic route 𝐴 . (days) 

𝑛𝑣 Number of voyages completed through Arctic route 𝐴 in a given 

calendar month (months) 

𝑛𝐴 Annual number of voyages completed through Arctic route 𝐴. 

Value depends on whether the Arctic route is combined wth the 

Suez Canal Route or used exclusively 

𝐹𝑀𝐸,𝑂𝑊 Total annual main engine fuel consumption through Arctic route 𝐴 

outside of the polar section (60o N latitude) (tonnes) 

𝐹𝐴𝑢𝑥,𝑂𝑊 Total annual auxiliary engine fuel consumption through Arctic route 

𝐴 outside of the polar section (60o N latitude) (tonnes) 

𝐹𝐵𝑜𝑖𝑙,𝑂𝑊 Total annual boiler engine fuel consumption through Arctic route 𝐴 

outside of the polar section (60o N latitude) (tonnes) 

𝐹𝑀𝐸,𝐴 Total annual main engine fuel consumption through Arctic route 𝐴 

when transiting year-round through the Arctic (tonnes) 

𝐹𝐴𝑢𝑥,𝐴 Total annual auxiliary engine fuel consumption through Arctic route 

𝐴 when transiting year-round through the Arctic (tonnes) 

𝐹𝐵𝑜𝑖𝑙,𝐴 Total annual boiler engine fuel consumption through Arctic route 𝐴 

when transiting year-round through the Arctic (tonnes). 

𝑡𝐴 Annual time spent transiting through Arctic route 𝐴. Value depends 

on whether the Arctic route is combined wth the Suez Canal Route 

or used exclusively (days) 
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𝑡𝑠2 Remaining time left for a ship to transit through the Suez Canal 

Route each year. Only applicable for cases where the NSR is 

combined with the Suez Canal Route (days) 

𝑛𝑠2 Annual number of voyages completed through the Suez Canal 

Route when it is combined with the NSR. 

𝑛𝑠 Annual number of voyages completed through the Suez Canal 

Route when it is used exclusively. 

𝑡𝑠 Annual time spent transiting year-round through the Suez Canal 

Route (days) 

𝐹𝑀𝐸,𝑠2 Annual main engine fuel consumption when transiting through the 

Suez Canal Route, when it is combined with an Arctic route 

(tonnes) 

𝐹𝐴𝑢𝑥,𝑠2 Annual auxiliary engine fuel consumption when transiting through 

the Suez Canal Route when it is combined with an Arctic route 

(tonnes) 

𝐹𝐵𝑜𝑖𝑙,𝑠2 Annual boiler engine fuel consumption when transiting through the 

Suez Canal Route when it is combined with an Arctic route 

(tonnes) 

𝐹𝑀𝐸,𝐴2 Total of Arctic and Suez Canal Route main engine fuel 

consumption (tonnes) 

𝐹𝐴𝑢𝑥,𝐴2 Total of Arctic and Suez Canal Route auxiliary engine fuel 

consumption (tonnes) 

𝐹𝐵𝑜𝑖𝑙,𝐴2 Total of Arctic and Suez Canal Route boiler engine fuel 

consumption (tonnes) 

𝑅𝑎𝑡𝑗 Specific fuel consumption ratio for engine – fuel combination 𝑗 

(dimensionless) 

𝐹𝑀𝐸 Annual main engine fuel consumption for a 2-stroke/HFO ship. Its 

value depends on the behavioural scenario. (tonnes) 

𝑝𝑓𝑢𝑒𝑙 Fuel price (US $2020 tonne of fuel consumed) 

𝐶𝑀𝐸,𝑗 Annual main engine fuel cost for engine – fuel combination 𝑗 (US 

$2020) 

𝐹𝐴𝑢𝑥 Annual auxiliary engine fuel consumption (tonnes) 
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𝐶𝐴𝑢𝑥,𝑗 Annual auxiliary engine fuel cost for engine – fuel combination 𝑗 

(US $2020) 

𝐹𝐵𝑜𝑖𝑙 Annual boiler engine fuel consumption (tonnes) 

𝐶𝐵𝑜𝑖𝑙,𝑗 Annual boiler engine fuel cost for engine – fuel combination 𝑗 (US 

$2020) 

𝐶𝐹𝑢𝑒𝑙,𝑗 Total annual fuel cost for engine – fuel combination 𝑗 (US $2020) 

𝑑𝑤𝑡 Deadweight tonnage of the considered ship (tonnes) 

𝑝𝑃𝑜𝑟𝑡 Port due (US $2020 per deadweight tonne) 

𝐶𝑃𝑜𝑟𝑡 Annual port cost (US $2020) 

𝑛𝑠𝑢𝑚𝑚𝑒𝑟 Number of summer months a ship is active for (months) 

𝑝𝐼𝐵,𝑊𝑖𝑛𝑡𝑒𝑟 Unit winter icebreaking cost (US $2020 voyage-1) 

𝑝𝐼𝐵,𝑠𝑢𝑚𝑚𝑒𝑟 Unit summer icebreaking cost (US $2020 voyage-1) 

𝐶𝐼𝐵 Annual icebreaker cost (US $2020) 

𝑝𝐼𝐵,𝑂𝑊 Unit open water icebreaking cost (US $2020 voyage-1) 

𝑝𝐼𝑃 Unit ice pilot cost (US $2020 voyage-1) 

𝐶𝐼𝑃 Annual ice pilot cost (US $2020) 

𝑝𝑆𝑢𝑒𝑧 Unit Suez tariff (US $2020 voyage-1) 

𝐶𝑆𝑢𝑒𝑧 Annual Suez tariff (US $2020) 

𝑝𝐶ℎ Daily charter rate (US $2020 day-1) 

𝐶𝐶ℎ Annual charter expense (US $2020) 

𝑒𝐻𝐹𝑂 HFO specific energy capacity (kWh tonne-1) 

𝛿𝐻𝐹𝑂 Residual fuel mass per deadweight tonne (tonne per deadweight 

tonne) 

𝐸𝐻𝐹𝑂 Fuel storage tank capacity (kWh) 

𝐿𝑖𝑐𝑒 Total loss of deadweight tonnage based on ice class (tonnes) 

𝑙𝑗 Total loss of deadweight tonnage based on change in engine – 

fuel (tonnes) 

𝑝𝑟𝑎𝑡𝑒 Freight rate (US $2020 tonne-1) 

𝐶𝑂𝑝𝑝,𝑗 Annual opportunity cost (US $2020) 

𝐶𝑉𝑜𝑦𝑎𝑔𝑒,𝑗 Annual voyage cost (US $2020) 

𝑝𝑁𝐵 Newbuild purchase price of an LSHFO ship (US $2020) 

𝐿𝑗 Learning rate for a n engine-fuel mix (dimensionless) 
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𝑝𝑈𝑛𝑖𝑡,𝑗 Unit cost of an engine retrofit for engine – fuel 𝑗 (US $2020 MW-1) 

𝐶𝑅𝑒𝑡,𝑗 Additional cost of retrofitting for engine – fuel 𝑗 (US $2020) 

𝜌𝐻𝐹𝑂 Density of HFO (kgm-3) 

𝜌𝑗 Density of the operating fuel required to run engine – fuel 𝑗 (kgm-3) 

𝑝𝑆𝑡𝑜,𝑗 Unit storage cost (US $2020 kg-1) 

𝐶𝑆𝑡𝑜,𝑗 Annual storage cost (US $2020) 

𝑝𝑁𝐵,𝑗 Newbuild purchase price for a ship with engine – fuel 𝑗 

𝑑𝑝 Down payment percentage (%) 

𝑡 Vessel useful life (years) 

𝐶𝐷𝑃,𝑗 Annualised down payment cost for engine – fuel 𝑗 (US $2020) 

𝐶𝐷𝑒𝑝,𝑗 Annual depreciation expense for a ship with engine – fuel 𝑗 (US 

$2020) 

𝑟 Loan interest rate (%) 

𝑡𝐴𝑚 Loan amortisation term (years) 

𝐶𝐴𝑛𝑛,𝑗 Annual amortisation cost for a ship with engine – fuel 𝑗 (US $2020) 

𝐶𝐶𝑎𝑝,𝑗 Annual capital cost for a ship with engine – fuel 𝑗 (US $2020) 

𝐶𝐶𝑟𝑒𝑤 Annual crew fee (US $2020) 

𝐶𝐼𝑛𝑠,𝑗 Annual insurance fee for a ship with engine – fuel 𝑗 (US $2020) 

𝐶𝑀𝑎𝑖𝑛𝑡,𝑗 Annual maintenance fee for a ship with engine – fuel 𝑗 (US $2020) 

𝑝𝑇𝐿𝐶 Annual through life cost (US $2020) 

𝐶𝑂𝑝,𝑗 Annual operation cost for a ship with engine – fuel 𝑗 (US $2020) 

𝐹𝑀𝐸,𝑗 Annual main engine fuel consumption for a ship with engine – fuel 

𝑗. This value would depend on whether it is year-round Arctic or 

Suez transits (tonnes) 

𝐹𝐴𝑢𝑥,𝑗 Annual auxiliary engine fuel consumption for a ship with engine – 

fuel j. This value would depend on whether it is year-round Arctic 

or Suez transits (tonnes) 

𝐹𝐵𝑜𝑖𝑙,𝑗 Annual boiler engine fuel consumption for a ship with engine – fuel 

𝑗. This value would depend on whether it is year-round Arctic or 

Suez transits (tonnes) 
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𝐹𝑇,𝑗 Total annual fuel consumption for a ship with engine – fuel 𝑗. This 

value would depend on whether it is year-round Arctic or Suez 

transits (tonnes) 

𝐸𝐹𝑗 Emission factor for a given species, based on the operating fuel for 

engine – fuel 𝑗 (tonnes per tonne of fuel consumed) 

𝐼𝑗 Emission inventory for a given species, based on the operating 

fuel for engine – fuel 𝑗 (tonnes) 

𝐹𝑀𝐸,𝑗,𝐴2 Annual main engine fuel consumption for a ship with engine – fuel 

𝑗 in the Arctic when it is combined with the Suez Canal Route 

(tonnes) 

𝐹𝐴𝑢𝑥,𝑗,𝐴2 Annual auxiliary engine fuel consumption for a ship with engine – 

fuel 𝑗 in the Arctic when it is combined with the Suez Canal Route 

(tonnes) 

𝐹𝐵𝑜𝑖𝑙,𝑗,𝐴2 Annual boiler engine fuel consumption for a ship with engine – fuel 

𝑗 in the Arctic when it is combined with the Suez Canal Route 

(tonnes) 

𝐹𝑇,𝑗,𝐴2 Total fuel consumption for a ship with engine – fuel j in the Arctic 

when it is combined with the Suez Canal Route (tonnes) 

𝐹𝑀𝐸,𝑗,𝑠2 Annual main engine fuel consumption for a ship with engine – fuel 

𝑗 through the Suez Canal Route when it is combined with the 

Arctic (tonnes) 

𝐹𝐴𝑢𝑥,𝑗,𝑠2 Annual auxiliary engine fuel consumption for a ship with engine – 

fuel 𝑗 through the Suez Canal Route when it is combined with the 

Arctic (tonnes) 

𝐹𝐵𝑜𝑖𝑙,𝑗,𝑠2 Annual boiler engine fuel consumption for a ship with engine – fuel 

𝑗 through the Suez Canal Route when it is combined with the 

Arctic (tonnes) 

𝐹𝑇,𝑗,𝑠2 Total fuel consumption for a ship with engine – fuel 𝑗 through the 

Suez Canal Route when it is combined with the Arctic (tonnes) 

𝐼𝑗,𝐴2 Annual Arctic emission inventory in the case where the Arctic route 

is combined with the Suez Canal Route (tonnes). 

𝐼𝑗,𝑠2 Annual Suez emission inventory in the case where the Arctic route 

is combined with the Suez Canal Route (tonnes). 
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𝐼𝐺𝐻𝐺,𝑗 Annual greenhouse gas emission inventory (tonnes) 

𝑝𝐺𝐻𝐺 Unit cost of emitting a greenhouse gas species (US $2020 tonne-1) 

𝐶𝐺𝐻𝐺 Annual cost of emitting greenhouse gases (US $2020) 

𝐼𝐴𝑃,𝑗 Annual air pollution emission inventory (tonnes) 

𝑝𝐴𝑃 Unit cost of emitting an air pollutant species (US $2020 tonne-1) 

𝐶𝐴𝑃 Annual cost of emitting air pollution gases (US $2020) 

𝑝𝐶𝑂2
 Cost of carbon (US $2020 tonne-1) 

𝑆𝑐𝑒𝑥 Proportion of the cost of carbon that is covered by policy 

(dimensionless) 

𝑝𝑇𝑎𝑥 Carbon tax (US $2020 tonne-1) 

𝐶𝑇𝑎𝑥 Annual carbon tax (US $2020) 

𝑛𝑇 Total number of voyages in a year. Value depends on the 

behavioural scenario considered. 

𝐶𝐹,𝑗 Annual unit financial cost (US $2020 tonne-1) 

𝐶𝑇𝐶,𝑗 Annual unit total cost (US $2020 tonne-1) 

𝐶𝑇𝐶,𝑗,𝐴 Annual unit total cost for Arctic route 𝐴 (US $2020 tonne-1) 

𝐶𝑇𝐶,𝑗,𝑆 Annual unit total cost for the Suez Canal Route (US $2020 tonne-1) 

𝐹 Feasibility metric (dimensionless) 

𝐶𝑥,𝑁𝑆𝑅 Unit cost for expense 𝑥 when exclusively using the Northern Sea 

Route (US $2020 tonne-1) 

𝐶𝑥,𝑆𝐶𝑅 Unit cost for expense 𝑥 when exclusively using the Suez Canal 

Route (US $2020 tonne-1) 

∆𝐶𝑥 = 𝐶𝑥,𝑆𝐶𝑅 The annual cost differential for expense 𝑥 (US $2020 tonne-1) 
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1. Introduction  
 

The Arctic Ocean is experiencing the highest level of warming on Earth (Hoegh-

Guldberg et al., 2018). The consequences of Arctic ice decline are extensive, 

ranging from accelerating global warming to increases in accessibility for ocean-

going ships (Ng et al., 2018). Accessibility to ships is expanded as warmer 

temperatures causes Arctic ice to get thinner, this means that it is easier for ships to 

pass through the region. The Arctic summer ‘window’ is the season where Arctic ice 

extent is at its minimum and this window becomes larger with global warming (Melia 

et al., 2017). Under all warming scenarios, which range from 1.5 to 4 degrees 

Celsius, sea ice is projected to decline significantly (Notz and SIMIP Community, 

2020).  

 

 

Figure 1-1. There are 3 main Arctic shipping routes: on the left is the Northwest 

Passage (NWP), in the middle is the Transpolar Passage (TPP) and on the right is 

the Northern Sea Route (NSR). Source: (Stephenson et al., 2013; Farré et al., 

2014a). 
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Using the Arctic routes for shipping is not a novel idea, the NSR was used by the 

Soviet Union during the cold war and activity peaked in 1987 when 331 ships made 

1306 voyages (Ellis and Brigham, 2009). However, with reductions in Arctic ice 

extent these Arctic routes could become a transport route linking northwest Europe 

with east Asia. These Arctic transit routes would be shorter than the conventional 

Suez Canal or Cape routes (Farré et al., 2014b). Theoretically, this means lower fuel 

consumption, voyage costs and emissions. The NSR is presently accessible to light 

and moderate ice class ships (Smith and Stephenson, 2013; CHNL and NORD 

University, 2021). 

Not only does the Arctic present itself as an alternative shipping route but increases 

in accessibility also facilitates greater extraction of resources. There are 47.26 trillion 

m3 of natural gas and 90 billion tonnes of oil equivalent (btoe) located within the 

Arctic Circle (Bird et al., 2008; Gautier et al., 2009). Extraction of these resources 

may facilitate an increase in destinational shipping activity. Destinational shipping 

refers to shipping activities that involve the Arctic as a destination rather than a 

transit route. Examples of this include tourism, resource extraction and fishing. 

Presently destinational shipping is the primary driver of shipping activity in the 

region, with the signature project that epitomises Arctic destinational activity being 

the Yamal liquefied natural gas (LNG) project (Eguíluz et al., 2016). The Yamal 

project, which began in 2014 sees large heavily ice strengthened LNG carriers 

transport LNG from the Yamal peninsula to markets in western Europe and east 

Asia. This type of shipping is predominantly focused on the eastern side of the 

Arctic, which is where a large amount oil and natural gas resources are located 

(Gautier et al., 2009). Transit shipping refers to shipping which involves using the 

Arctic as a transit route, for example between Europe and Asia.  
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Figure 1-2. Number of transits through the NSR against the year they were recorded. 

Data is from CHNL and Nord University, (2021). 

Figure 1-2 shows the number of transits across the NSR from 2010 to 2020.previous 

decade. Despite a reduction between 2013 to 2015 which may have been driven by 

a sharp increase in sea ice extent in 2014, the number of voyages has increased 

back to its peak 2013 levels.  
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Figure 1-3. Annual Arctic ice extent across the period 2011-2019. Data is from 

Fetterer et al.,(2017a) . 

With reductions in Arctic ice extent, the number of transit voyages are expected to 

increase. In January 2018 the Chinese government outlined its vision for a ‘Polar Silk 

Road’, a vision which sees the Arctic routes develop into a transport artery facilitated 

by the Belt and Road initiative. Its interest has evolved from being scientific towards 

assessing the commercial opportunities associated with Arctic routes (Lim, 2018; 

People’s Republic of China, 2018). The Chinese Ocean Shipping Company 

(COSCO) has carried out 26 transits during the 2011 – 2019 period and their interest 

is indicative of the potential value that some stakeholders attach to the development 

of Arctic shipping (CHNL and NORD University, 2021).  

However, whilst summer Arctic ice is expected to decline considerably under all 

scenarios, there are still compelling challenges which need to be addressed. Sea ice 

is still expected to be present even if Arctic ice extent declines which may make 

voyages through the Arctic take longer than anticipated. Arguably the most important 

impediment to the development of Arctic shipping is the lack of infrastructure. Certain 

sectors such as container shipping depend heavily upon established networks and 
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infrastructure (Stopford, 2008). It has been estimated that $1 trillion worth of 

investment is needed to facilitate the Arctic’s sustainable development (Farré et al., 

2014b; Stagonas, Thomas and Ryan, 2018; Guggenheim Partners, 2019).  

Research on the development of Arctic routes has not been exclusively motivated by 

commercial interest as new studies that assess the environmental impacts of Arctic 

shipping have begun to emerge, showing that the environmental impacts tend to be 

adverse (Schröder, Reimer and Jochmann, 2017; Yumashev et al., 2017; Alvarez, 

Yumashev and Whiteman, 2020; Wang et al., 2020; Xu and Yang, 2020). In 2018 

shipping emissions contributed to 2.89% of global greenhouse gas (GHG) 

emissions. In addition to emitting a considerable inventory of GHG emissions, it is 

responsible for emissions of other harmful pollutants such as nitrogen and sulphur 

oxides (NOx and SOx), particulate matter (PM) and black carbon (Faber et al., 2020). 

Without sufficient regulatory measures, it is expected that emissions in the Arctic will 

be significant if routes through the region become commercially feasible. This would 

contribute towards adverse effects on climate and biodiversity (Arnold et al., 2016; 

Yumashev et al., 2017). Therefore, there is a need to assess the risks and 

opportunities that coincide with the increase in accessibility of the Arctic to ships.  

Arctic ice decline also triggers several feedback cycles which exacerbate warming, 

one example is the melting of Arctic permafrost which contains tonnes of trapped 

GHGs. Continuing ice melt will lead to these gases being released into the 

atmosphere and the acceleration of global warming (Goosse et al., 2018). Another 

feedback mechanism is the albedo effect. Emissions of black carbon reduce the 

ability of sea ice to reflect sunlight as it darkens the surface when deposited. 

Consequently, the ice absorbs more incident solar radiation which heats up and 

accelerates the melt (Bond et al., 2013). If the industry does not transition towards 

green fuels, then black carbon emitted from ships in the Arctic may accelerate the 

albedo effect.  

A growing debate on how to tackle GHG emissions from the maritime industry is 

leading to policy developments and calls for measures to address the concerns 

(Smith et al., 2014; IMO, 2018a). Arctic ice decline and increases in accessibility are 

coinciding with the shipping industry’s reorientation towards alternative fuels. The 

scientific consensus is that the long-term effects of air pollution and GHG emissions 
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from shipping can be addressed through a transition to more sustainable fuels. 

Sustainability is defined here as is in Brundtland, (1987) – ‘Sustainable development 

is development that meets the needs of the present without compromising the ability 

of future generations to meet their own needs’.  

To address the effects on emissions from ships, the main governing body of shipping 

- the International Maritime Organisation (IMO) has introduced an initial GHG 

strategy, the cornerstone of which is the following statement – ‘to peak GHG 

emissions from international shipping as soon as possible and to reduce the total 

annual GHG emissions by at least 50% by 2050 compared to 2008 whilst pursuing 

efforts towards phasing them out as called for in the Vision as a point on a pathway 

of CO2 emissions reduction consistent with the Paris Agreement temperature goals’ 

(IMO, 2018a). Given the timing of increased momentum in favour of policy 

developments and evidence on the considerable effects of GHGs and air pollutants 

there is a need to bring these themes together in an assessment of Arctic shipping 

commercial feasibility. A lot of research has been dedicated to understanding the 

present and potential commercial viability and environmental risks of Arctic shipping, 

however under a backdrop of an industry wide energy transition this thesis argues 

that there is a large gap in reconciling the assessment of environmental risks with 

commercial opportunities.  

 

1.1. Motivations, Aim and Scope 
 

Understanding how the green energy transition and environmental policy 

developments coincide with increases in Arctic shipping accessibility is the primary 

motivation behind this body of research. Bringing together principles from climate 

change, economics and energy will help to understand what the possible Arctic 

shipping futures are and under what conditions they may develop.  

The overarching aim of this study is to bring these principles together in an 

assessment of the commercial feasibility of Arctic shipping and to understand its 

drivers. A gap in the literature exists in the form of understanding how commercially 

feasible Arctic routes are, particularly when environmental costs, socio-economic 

narratives and policy measures are considered. A body of studies which internalise 
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environmental costs is beginning to emerge in the literature. However, there are still 

large amounts of uncertainties on Arctic shipping feasibility based on different levels 

of possible global warming pathways, policy stringencies and alternative fuel uptake. 

Prior to this, traditional assessments on the commercial feasibility concentrated on 

financial factors which would inherently produce an underestimated assessment on 

the costs associated with Arctic shipping. Moreover, the relative influence that key 

parameters such as extent of sea ice, fuel type and policy have on uncertainties and 

the commercial feasibility of Arctic shipping has not yet been considered in detail.  

These gaps are addressed through the development of a techno-economic model 

that incorporates the effects of sea ice on commercial ship performance and the 

internalisation of emission externalities in transport cost estimations. An evaluation of 

how model results compare with observed practice is done to provide confidence for 

the conclusions drawn from the model. Principal aims and contributions are: 

• Understand how the commercial feasibility of Arctic shipping develops when 

internalising emission damages. 

• Gauge the level of uncertainty in commercial feasibility projections based on 

socio-economic and warming narratives.  

• Understand what drives the uncertainty and which variables are key in 

influencing the commercial feasibility of Arctic shipping. 

This thesis contributes to the: 

• Development of a framework which assesses Arctic shipping commercial 

feasibility through the internalisation of emission damages and sea ice – ship 

performance interactions. 

• Research on the assessment of Arctic shipping opportunities, risks and 

challenges through corroborating model outputs with observed practice and 

evaluating the efficacy of contrasting fuels, policies and narratives.  

• Identification of influential variables so that they may be pursued in future 

research with greater fidelity.  
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1.2. Scope 
 

Three dates are selected (2020, 2035 and 2050) as this timeline is consistent with 

the IMO’s initial GHG strategy and certain input parameters. Geographic space is 

limited to ports in Europe, Asia as the Arctic east of the Greenwich meridian is 

considered more practical (Farré et al., 2014b). The Suez Canal Route is considered 

the benchmark conventional route and transit shipping is the principal focus of this 

thesis. Destinational shipping and activities are excluded from analysis with the 

exception for validating the model, as they are predominantly concerned with fishing 

or oil and gas activities. This means shipping activity forms part of a wider supply 

chain. The environment is limited to the open ocean, sea ice and the atmosphere 

that the emission species are emitted into. Regarding externalities, only 

environmental costs from selected emission species are considered. Some 

secondary effects are not included in the damage cost estimates, as the source used 

to derive them did not include these effects in their scope. These sources were still 

selected as it has been used by other articles in Arctic shipping and provides 

estimates for regions that are tantamount to the Arctic and Suez Canal. Air pollution 

externalities are derived from damages to human health and wider populations, how 

population densities may change along the Arctic shipping routes and Suez Canal 

Route is not considered. Other externalities that are not considered but may be 

relevant are discussed in the next chapter and further work sections of the 

conclusion. Unless specified, the currency is in US $2020.  

The navigable period is projected with a monthly resolution to make it consistent with 

the resolution of the ice projections used in this investigation. Cargo carried by a 

vessel is not considered here as the investigation focuses on the costs to Arctic 

shipping. The fleet composition is assumed to remain the same across the years 

2020, 2035 and 2050. In practice it may change, but this is a macroeconomic factor 

and this thesis examines Arctic shipping feasibility from a microeconomic 

perspective only. What this assumption means in practice is that bulker, container 

ship and tanker designs are expected to remain the same and operate through the 

same route between the considered years. Furthermore, how the ambient air 

temperature interacts with the transported cargo is also not considered. Nor is how 

cold temperature affects engine performance. This is because it is unclear how 
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conditions in the Arctic may change in future. Operational policy measures such as 

slow steaming are not considered, because of the mixed evidence on its 

effectiveness. Only emission reduction targets and market-based carbon measures 

are considered. For ship speed and power relationships, the cubic exponent is 

applied to all ship types.  

Both unmodified open water ships and their ice class equivalent ship designs are 

considered. Both are treated as newbuilds. Alternative engine – fuel mixes are 

assumed to be added in addition to the newbuild ship design. Energy efficient 

technologies and scrubbers are not considered. Alternative fuels are assumed to be 

the only way to comply with the environmental policy scenarios used in this thesis. 

This is due to the consensus on alternative fuels being the main way to address 

challenges related to maritime decarbonisation and environmental performance.  

 

1.3. Thesis Structure 
 

The thesis begins by introducing the key themes, aims and scope of this research. 

This is followed by a critical assessment on the state of the art so that gaps may be 

identified and addressed through the selection of an appropriate framework and 

method. An architecture for a techno-economic model is then outlined and tested 

against empirical and industry grade data. Results are then produced using the 

model. A discussion on what the specific findings pertaining to each research 

question and how that ties in with the present consensus in the literature then 

follows. Lastly the findings are synthesised so that further research may continue to 

expand upon the findings outlined here.   
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2. Literature Review 
 

2.1. Introduction 
 

A review of the literature on Arctic shipping is done to assess the state of the art and 

identify research gaps. Various themes are encountered in the literature, such as 

route selection and maritime trade through the Arctic, other themes entailed 

assessing anthropogenic emission species and their adverse effects on the Arctic 

environment. This chapter is structured thematically so that the literature can be 

grouped under their corresponding themes. Outside of Arctic shipping, there is a 

large debate taking place within the maritime industry over a potential energy 

transition away from fossil fuels and a gap is identified. Studies on the influential 

variables that drive Artic shipping has also emerged. Considering these different 

themes, this study aims to address the gaps by integrating together Arctic shipping 

economics and environmental effects with policy and alternative fuel uptake.  

 

2.2. Route Selection 
 

There is a consensus amongst the scientific community that Arctic sea ice is going to 

decline, this has sparked interest in the possibility of Arctic shipping routes 

developing (Notz and Stroeve, 2016, 2018). The principal reason for the interest is 

the deduction that shorter transport corridors leads to cheaper transport costs and an 

increase in the volume of trade.  

Comparing the cost of transporting goods through the Arctic and its conventional 

alternatives are a common theme (Lasserre and Pelletier, 2011; Lasserre, 2015). 

More recently, analysis on what shorter routes mean for trade dynamics has 

emerged (Bekkers, Francois and Rojas‐Romagosa, 2016; Bensassi et al., 2016; 

Yumashev et al., 2017). The relatively cheaper route is assumed to be the more 

commercially feasible route. 

Both sets of the literature study the effect that shorter Arctic routes have on maritime 

economics but address it from opposite perspectives. Data on cost comparisons is 
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derived from transport cost modelling (Furuichi and Otsuka, 2015; Faury and Cariou, 

2016; Hansen et al., 2016; Theocharis et al., 2019). Whilst estimating trade volumes 

is done using gravity models (Bekkers, Francois and Rojas‐Romagosa, 2016; 

Bensassi et al., 2016; Yumashev et al., 2017).  

A review in Lasserre, (2014) found that there are diverse conclusions which vary with 

input values and parameters. Another review in Theocharis et al., (2018) found that 

20 out of 31 studies found the Arctic had mixed or positive competitiveness relative 

to conventional routes. Twenty studies were assessed in this thesis and categorised 

according to whether they concluded with the Arctic routes being more commercially 

feasible ‘Yes’, an uncertain outcome or an outcome where feasibility is dependent on 

a set of conditions is labelled as ‘Mixed’, and an infeasible outcome is labelled as 

‘No’. Refer to the table in the appendix for the list used to produce the bar chart. For 

brevity, it is not included here. All studies are peer reviewed journal articles.  

 

 

Figure 2-1. ‘Will the Arctic routes become commercially viable?’ - Conclusions drawn 

from 20 reviewed articles. The answers ‘Yes’, indicate that it will become feasible, 

‘Mixed’ only under certain conditions and ‘No’ if the conclusion is never.  
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Of the 20 studies, 50% concluded with the result that the Arctic routes will be more 

feasible and only 20% found that the Arctic routes will not become competitive. 

These proportions align with Theocharis et al., (2018) where 41% of studies 

concluded that the Arctic routes are commercially viable and 19% found that they 

were not. Given the observation in Lasserre, (2014) that assumptions and 

parameters differ amongst the modelling in the literature, the fact that more studies 

than not arrive at similar conclusions alludes to a robustness in the hypothesis that 

the Arctic routes may become commercially viable.  

This is compounded by the interest shown by governmental stakeholders in funding 

Arctic related research as it indicates an expectation that significant changes to the 

status quo may happen because of Arctic ice decline. Several Arctic shipping 

projects have been funded by the EU which is indicative of their interest on the 

subject. Under Horizon 2020 funding exceeded €200 million on Arctic related 

projects (Koivurova et al., 2021). Project SEDNA received €6.7 million worth of 

funding and the outcomes of this project were the development of an Arctic shipping 

voyage planning tool, accident causation models and an Arctic specific bridge that 

uses augmented reality (BMT Group Limited, 2019; Nordby, 2019; Ryan, Tang and 

Thomas, 2019; BMT Group Limited and European Commission, 2020). Another 

project is Blue Action which received €8 million worth of funding to understand how a 

changing Arctic can adversely affect the wider climate (Danish Meteorological 

Institute and European Commission, 2021). This led to the development of tools that 

better predict extreme events based on a changing Arctic (Afargan-Gerstman et al., 

2020, 2021).  

There is also the Waterborne project which is an industry led platform that seeks to 

establish dialogue between different maritime stakeholders and mobilise private 

sector resources on research and development. One outcome is the development of 

the Arctic Research Icebreaker Consortium that aims to provide better capacities for 

marine-based research on the Arctic. This project received €6 million worth of 

funding from the EU and one main outcome is the distribution of datasets relevant to 

Arctic shipping (ARICE, 2019, 2022; Alfred Wegener Institute for Polar and Marine 
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Research, 2022). These projects suggest that developments in Arctic shipping are of 

interest to public and private sector stakeholders.   

As the evidence on the harmful effects of shipping emissions both on human health 

and on the climate continue to grow, the literature has evolved to incorporate 

concerns regarding emissions from ships (Smith et al., 2014; Faber et al., 2020). At 

first, emission inventories were estimated and evolved further to internalising 

emission damages in the analysis of Arctic shipping feasibility (Lindstad, Bright and 

Strømman, 2016; Yumashev et al., 2017; Zhu et al., 2018; Wang et al., 2020). 

Internalising externalities in addition to commercial modelling reflects the costs, 

benefits and trade-offs of using Arctic routes not only in financial terms but also in 

environmental terms.  

The assessment in Lindstad, Bright and Strømman, (2016) found that favourable 

Arctic conditions for Arctic shipping did not necessarily mean significant reductions in 

climate change benefits despite the shorter routes. Furthermore, a review in Ng et 

al., (2018) found that additional environmental challenges beyond emissions should 

be expected. Challenges which range from managing noise pollution, oil spills and 

the transportation of non-indigenous species to Arctic ecosystems through ballast 

water exchanges (Miller and Ruiz, 2014; Afenyo, Veitch and Khan, 2016; Afenyo et 

al., 2017; Halliday et al., 2017; Ng et al., 2018). The evidence shows that nuances to 

Arctic shipping feasibility are more expansive than financial feasibility. 

The literature has also incorporated the effects of sea ice on ship performance. 

Studies which assess the mechanics of ships passing through sea ice have emerged 

and have been integrated into various voyage planning tools which can optimise 

vessel performance in the presence of ice (Omre, 2012; Jeong et al., 2017; Rigot-

Muller et al., 2018; Huang et al., 2020; Li et al., 2020; Jeong, Choi and Kim, 2021). 

These tools improve confidence in navigating Arctic waters and make modelling 

predictions of ship performance more realistic.  

The mechanics of sea ice resistance are different depending on the shape and type 

of sea ice. Pack ice/pancake ice can be seen as ice consisting of thin rigid discs 

where the interactions between ship and pack ice are governed by rigid body 

dynamics, level sea ice resistance is governed by a multitude of different forces 
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which culminate in different forms of resistance - crushing, bending and submerged 

resistance (Lindqvist, 1989; Erceg and Ehlers, 2017; Huang et al., 2020).  

 

 

 

 

 

 

 

 

Figure 2-2. A model illustration of the bow of the ship (chord on the right) moving 

through pancake ice (white circles on the left). The arrows represent the anticipated 

direction of motion of the bodies, including the ship bow, once they interact with the 

ship bow. 

 

  

 

 

 

 

Figure 2-3. A model observation of a ship passing through level ice, the interaction 

between the ship and level ice is different to that of pack ice. The ship must crush, 

bend and break through level ice as opposed to pushing it. 

 

The figures show the different type of interactions that can take place when a vessel 

encounters ice in the Arctic. Interactions with level ice are more difficult to overcome 

relative to pancake ice, as more resistance is imparted into the vessel. Empirical 
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evidence of ice conditions along the NSR indicate that the most common form of sea 

ice is pancake ice (Thomson et al., 2018). Given increasing sea ice decline and 

temperature rises, pancake ice is likely to grow in extent. Accurately capturing ship 

performance in the presence of sea ice is an emerging area in the Arctic shipping 

literature (Erceg and Ehlers, 2017).  

The incorporation of ice mechanics into assessments of commercial vessel 

performance can be built upon to include other dimensions too There are several 

opportunities to expand upon the Arctic shipping literature pertaining to route 

selection and they fall under the following dimensions:  

• Temporal – Bring a focus towards the feasibility of Arctic shipping in the 

medium-term future.  

• Lateral – Commercial analysis of Arctic shipping can be more inclusive of 

environmental benefits and trade-offs.  

The temporal aspect is important because, presently there is limited traffic taking 

place along the NSR due to sea ice inhibiting activity (Farré et al., 2014b; CHNL and 

NORD University, 2021). Arctic shipping is dependent on route accessibility so it is 

expected to climax in the medium to long term future, when Arctic ice recedes 

(Melia, Haines and Hawkins, 2017; Yumashev et al., 2017). The extent of Arctic sea 

ice decline is still dependent on near term global GHG emissions and so there is 

considerable uncertainty in terms of how accessible Arctic shipping will become 

(Melia, 2016). This thesis will address this gap by illustrating detailed assessments 

on the commercial feasibility of Arctic shipping in 2035 and 2050, in addition to 2020. 

Furthermore, considerable research has been undertaken in the climate science 

community to map out the possible future paths that global society can take based 

on social and political choices (O’Neill et al., 2014). These narratives have quickly 

become established and have already been used to predict future sea ice extent 

(Gidden et al., 2019; Chen, Liu and Cheng, 2020; Notz and SIMIP Community, 

2020). To address the uncertainties associated with future sea ice extent, sea ice 

projections derived from these narratives – shared socio-economic pathways can be 

combined with mid-term future assessments on Arctic shipping feasibility.  

Secondly, there is a growing body of research which evidences the adverse changes 

increases in Arctic shipping will bring to the local ecosystem (Granier et al., 2006; 
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Schröder, Reimer and Jochmann, 2017; Ng et al., 2018; Zhu et al., 2018). There is a 

gap in the literature where the benefits and trade-offs in Arctic shipping can be 

assessed on balance with a ship’s environmental performance. As physical and 

economic systems become more stressed in future due to an accumulation of 

climate change impacts, there is a need to understand how Arctic shipping develops 

and coincides with future climate change impacts (Burke, Hsiang and Miguel, 2015; 

Yumashev et al., 2019; Raymond, Matthews and Horton, 2020). Given the level of 

resources and qualitative work required to evaluate the effects and uncertainties 

emanating from other forms of pollution, this thesis focuses exclusively on 

emissions. How the inclusion of emission damages affects the feasibility of Arctic 

shipping is an emerging topic which can be joined together with the temporal aspect 

to produce insights that expand upon some of the conclusions found in the literature. 

The investigation outlined here aims to address these gaps by investigating how 

incorporating costs stemming from emissions affects the overall feasibility of Arctic 

shipping, then by considering the feasibility on balance with environmental costs. To 

better understand how shipping emissions affect the Arctic environment, a review on 

ship emission species is undertaken.  

 

2.3. Drivers of Arctic Environmental Damage from Shipping 
 

To identify the key drivers to Arctic environmental damage, a qualitative review on 

the harmful effects of GHGs and air pollutants was done. The environment in this 

section is defined to be the surrounding climate and ecosystem. This section does 

not consider the environment from an operating perspective. The purpose is to 

identify which species pose a threat to the Arctic environment.  
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The process begins with a problem definition, so that emission species can be 

identified and reviewed according to the statement. The process is an adaptation of 

an environmental risk assessment framework (Department Environment Transport 

Regions, 2000; van der Oost, Beyer and Vermeulen, 2003). With respect to the 

Arctic, the problem statement is: 

‘Many authoritative studies have stressed that because of anthropogenic emissions, 

there are severe and widespread environmental changes taking place in the Arctic 

region. Shipping is likely to produce emissions which directly accelerate these 

changes in the Arctic region.’ 

The indicators of Arctic environmental change are (AMAP, 2018, 2019; Box et al., 

2019): 

• Air temperature 

• Precipitation 

• Sea ice extent 

• Ocean pH 

• Surface albedo 

The impacts of changes to these indicators are now discussed.   
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Table 2-1. An outline of how changes to the indicators suggest a change in 

environmental health. 

Indicator Change  Impact Source 

Air temperature increase Causes sea ice to melt 

and drive regional 

climatic shifts 

(Myhre et al., 

2013a) 

Amplified humidity  Influences weather 

patterns further south. 

Amplifies warming 

(Box et al., 2019) 

Sea ice decline Causes ecological 

changes and will 

accelerate shipping 

activity 

(Notz and Stroeve, 

2016) 

Ocean pH lowers  Ocean will acidify, 

impacting the Arctic 

marine ecosystem  

(AMAP, 2018) 

Air quality  Harms human health  (Aliabadi, Staebler 

and Sharma, 2015) 

Surface albedo reduction A reduction in surface 

albedo reduces the 

ability of ice to reflect 

solar radiation, 

accelerating ice melt.  

(Bond et al., 2013) 

 

Table 2-1 shows how changes to the indicators cause environmental change. With 

an understanding of the consequences of changes to the indicators, the species that 

are emitted from ship exhausts can be assessed according to how they drive those 

changes.  
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Table 2-2. A list of species emitted by ships and how they drive changes in the 

indicators. 

Species Impact Source 

CO2 Responsible for the greenhouse 

effect which increases the air 

temperature. It also dissolves in the 

ocean, forming carbonic acid which 

lowers the ocean’s pH. 

(AMAP, 2018) 

CH4 A strong greenhouse gas that will be 

responsible for air temperature 

increases. 

(AMAP, 2015a) 

N2O Strong greenhouse effect increases 

the air temperature 

(Myhre et al., 2013a) 

NOx Nitrogen oxides adversely affect 

human health whilst also contributing 

to the formation of ozone, but it also 

depletes methane.  

(Fuglestvedt et al., 

2010) 

Particulate 

matter (PM) 

Has a mixed effect on the climate, 

ranging from cooling the climate to 

warming it. Detrimental to regional air 

quality.  

(Fuzzi et al., 2015) 

Black 

carbon  

Black carbon reduces the albedo of 

sea ice, accelerating ice melt 

(Bond et al., 2013) 

SOx Causes regional cooling and 

acidification – harmful to human 

health 

(Law et al., 2017) 

 

Table 2-2 shows the species and its corresponding impacts, with a source. The 

species have been selected because they are emitted by ships and have received 

significant attention from studies which research the effects of climate change and 
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air pollution on the Arctic environment (Law, 2007; Bond et al., 2013; AMAP, 2015b, 

2017, 2018, 2019; Arnold et al., 2016; Notz and Stroeve, 2016, 2018). Furthermore, 

a link has been established between the species in Table 2-2 and drivers in Table 

2-1 through the effects that they have on the climate or on human health using the 

literature, which justifies their inclusion in the analysis of Arctic shipping .  

In terms of how the development of Arctic shipping interacts with Arctic ice decline, 

unregulated activity will certainly accelerate the changes mentioned previously. 

These species can be found to have been assessed in Schröder et al., (2017) and 

Lindstad, Bright and Strømman, (2016). They are also discussed in Yumashev et al., 

(2017, 2019) which evidences their significant impact on the Arctic environment and 

justifies their inclusion in this thesis. Including an assessment of environmental 

performance in an analysis of Arctic shipping feasibility would build upon the 

previous research on Arctic shipping route selection (Lasserre, 2014; Hansen et al., 

2016; Theocharis et al., 2018).  

 

2.4. Environmental Performance of Arctic Shipping 
 

Based on the evidence from the previous section, there is a cost borne by society 

which will increase as climate change and its impacts accumulate. From an 

economic perspective, if these environmental costs are not accounted for then the 

result is an underestimate of the costs in question. How environmental effects are 

captured affects how environmental performance is modelled. Exhaust gases are not 

the only negative externality in Arctic shipping and not all exhaust gases are 

considered in this thesis. This is because confidently understanding the scope of 

environmental damage caused by Arctic shipping is a task that requires a large 

amount of resources, making it a task that falls outside the scope of this thesis. 

However, better understanding what the scale is would be a compelling area for 

further research as it would enable researchers to accurately weigh the cost and 

benefits of shipping through the Arctic. For example, the study Yumashev et al., 

(2019) estimates the additional climatic damage from Arctic surface albedo and 

permafrost feedback loops to range from $24.8 trillion to $66.9 trillion depending on 

whether decarbonisation is commensurate with Paris agreement targets or present 
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national targets. The magnitude and range in the value is indicative of the level of 

uncertainty associated with Arctic specific damages. The table below lists some 

externalities that exist but are not considered in this thesis. 

 

Table 2-3. List of externalities that may be relevant to Arctic shipping but are not 

considered in this thesis. On the left is the externality, in the middle is the quoted or 

estimated cost and on the right is the source and estimation method. 

Externality Cost Source 

Hydrogen US $1100 tonne-1 (Based on a US $100 

cost of carbon value) 

(Warwick et al., 2022a) 

Ammonia £2017 7923 tonne-1  (Ricardo, 2020) 

Cargo spill (e.g. oil spill) US $17 billion over a five 

period 

(Afenyo, Ng and Jiang, 

2022) 

Noise pollution n.a (Department for 

Environment, Food and 

Rural Affairs, 2013) 

Loss of socio-culturally 

significant sites 

n.a (Stevenson et al., 2019; 

Alvarez, Yumashev and 

Whiteman, 2020) 

Surface albedo and 

permafrost feedbacks 

US $24.8 to 66.9 trillion  (Yumashev et al., 2019) 

 

Table 2-3 shows the environmental cost that some of these externalities may have. 

Hydrogen is known to have a greenhouse effect which consequently means it has a 

negative externality. Given the wider discussion on the transition to hydrogen as a 

fuel, its environmental costs may have wider consequences (McDowall et al., 2006; 

Raucci, 2017; Siddiqui, 2022). It is not considered in this thesis because hydrogen 

as a fuel is not considered within the scope of this study. This is because it is not as 

economically competitive as ammonia (Englert et al., 2021a). Ammonia is touted as 

an option for decarbonisation so its environmental costs may have implications for its 

uptake as a maritime fuel (Kim et al., 2020a; Valera-Medina et al., 2021). Ammonia 
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is an air pollutant and may also have negative impacts on human health. These 

costs are not considered here because the amount of ammonia leakage that can be 

expected from engines produced decades from now is not known. Furthermore, the 

damages from emitting in the Arctic or Suez Canal may differ from estimates specific 

to the UK. This is because of the different population densities and interactions with 

sea rather than land. Cargo spills such as oil spills can have severe impacts on the 

Arctic environment. This is because of its effects on biodiversity and cost of cleaning 

up the spill which could take years. Linked to this is insurance costs, which may be 

higher in the Arctic region due to these risks. Higher insurance premiums are not 

considered because knowing the extent of the increase in premium which would 

change as infrastructure and traffic develops is beyond the scope of this thesis. 

Furthermore, how it balances against piracy risks from transiting through the Suez 

Canal is also an area of uncertainty. The insurance costs form part of a shipowner’s 

operating expense, which observations suggest do not change with time (Clarksons, 

2020a). This is discussed in greater detail in Chapter 6.  

Noise pollution adversely affects human health and biodiversity, this is relevant given 

the noise that ships would produce in an environmentally sensitive area (Department 

for Environment, Food and Rural Affairs, 2013; Halliday et al., 2017). Unfortunately 

given the Arctic’s unique ecosystem and uncertainties over potential Arctic shipping 

traffic, the scale of damage from noise pollution is not known. Loss of socio-cultural 

significant sites in the Arctic due to climate change would also be a severe cost to 

local people and wider society. Given the magnitude of this cost there is a debate on 

how ethical it is to assign a cost to this as it implies it is something that can be traded 

on balance with any benefits, therefore no cost is assigned (Stevenson et al., 2019; 

Alvarez, Yumashev and Whiteman, 2020). Lastly, the permafrost and surface albedo 

feedbacks have substantial costs but separating these costs in such a way that 

distinguishes between shipping induced change and change induced from wider 

societal emissions would require addressing significant uncertainties that are beyond 

the scope of this investigation. All these externalities are areas that further work 

could address. The discussion on the scope of externalities is relevant due to the 

discussion on maritime decarbonisation and minimising shipping’s impact on the 

environment. 
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Different greenhouse gases have varying greenhouse effects on the environment. 

Methane and nitrous oxide are considerably more potent than carbon dioxide for 

instance. How the greenhouse effect is captured is also important. Several climate 

metrics have emerged, such as Global Warming Potential (GWP), Global 

Temperature Potential (GTP) and most recently GWP*. These values apply to 

greenhouse gases as opposed to air pollutants where the environmental costs are 

related to the damage caused to human health (Korzhenevych et al., 2014; Song, 

2014; Shindell, 2015a). The GWP value is a multiple between the heat absorbed by 

a non-CO2 greenhouse gas over a 20 or 100 year time horizon relative to CO2. The 

value is derived from the amount of infrared radiation absorbed over a time horizon, 

which depends on its atmospheric lifetime. Therefore greenhouse gases with large 

GWP values correspond with strong greenhouse effects and long atmospheric lives 

(Myhre et al., 2013a; Etminan et al., 2016). Values are typically published in IPCC 

reports (Fuglestvedt et al., 2010; Myhre et al., 2013b; IPCC, 2021). An alternative is 

the global temperature potential which is an end point metric that shows the increase 

in surface temperature relative to CO2 for a GHG. This is calculated based on the 

Earth’s absorption of heat. Values can be found alongside GWP metrics in the IPCC 

reports (Myhre et al., 2013a, 2013b). Finally, the GWP* metric is an evolution of 

traditional GWP metrics by better accounting for the strong greenhouse effect of 

short-lived climate forcers. This is calculated using weighting factors that adjust the 

effects certain gases have on the climate (Lynch et al., 2020).  

In the Arctic shipping literature GWP values are used exclusively (Lindstad, Bright 

and Strømman, 2016; Schröder, Reimer and Jochmann, 2017; Yumashev et al., 

2017; Ng et al., 2018). This may be because the GTP values are an end point 

metric, which means they do not shed much insight on the emissions form the 

source. Whilst GWP* may be a more accurate measure, it is relatively new. Based 

on the literature, this thesis uses GWP as the metric to measure environmental 

performance. However, assessing Arctic shipping environmental performance with 

GWP* values may be an exciting area for further work. 

Policymaking and governance are powerful tools which can be used to address the 

externalities which concern the environment, climate and market. Policy instruments 

traditionally fall under market based or command and control measures. Other 

categories such as research and innovation policy can be used to develop an 
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understanding of a certain issue, however this is not considered here. Market based 

instruments attempt to incentivise the desired behaviour through taxing or 

subsidising the desired good/behaviour, command and control approaches directly 

regulate certain practices and can involve the introduction of new standards (Santos 

et al., 2010). The harmful effects that come from the species listed in Table 2-2 can 

be addressed by the adoption of a different fuel and this transition would be 

incentivised by policy. There are many examples of shipping policies affecting fuel 

transitions. One command and control example is the IMO’s 2020 Sulphur Cap 

which successfully compelled operators to use Low Sulphur Heavy Fuel Oil (LSHFO) 

as a fuel to reduce SOx emissions (IMO, 2016b). One market based measure is the 

Norwegian NOx fund which subsidised Norwegian operators who adopted LNG as a 

fuel (Baresic et al., 2018). This policy had mixed results as it only targeted one 

emission species (Wilson et al., 2019). There are other green shipping policies, for 

example the Energy Efficiency Design Index (EEDI) reduction targets. The index 

measures the total emissions of a ship against its transport work at design 

specifications (IMO, 2011). The reduction target is increased by 10% every five 

years until the 30% target is reached by 2025. Given that the policy is ongoing, its 

effectiveness cannot be judged. In this thesis, the 2020 Sulphur Cap is accounted for 

by considering LSHFO to be the baseline fuel.  

The purpose of a policy is to address the externalities, whether they are positive or 

negative so that societal welfare can be maximised (Mankiw and Taylor, 2011). The 

efficacy of a policy is dependent on how well the benefits of its introduction compare 

with its costs. Under an Arctic shipping context, policy is relevant to this topic as 

discussions on how to regulate black carbon emissions are already underway (IMO, 

2019c). The Arctic has already been legislated over, with the introduction of the 

Polar Code and the Heavy Fuel Oil (HFO) ban so historical evidence suggests that 

policy may affect changes in the region (IMO, 2019a). Of particular importance is 

environmental policy, which would address the emissions from ships. 

There is a consensus that a transition away from fossil fuels to environmentally 

sustainable fuels is a long term solution to the adverse environmental effects 

stemming from ships (Lloyd’s Register and UMAS, 2019b, 2020; Englert et al., 

2021a). In this thesis, a small number of potential operating fuels and engines are 

selected to observe how they affect emission externalities and the commercial 
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performance whilst shipping through the Arctic. Based on the analysis, the main gap 

not mentioned previously is associated with policy and how it can be used to address 

environmental concerns.  

• Environmental performance – Incorporate policy and emissions to understand 

how they will affect the feasibility of Arctic shipping. 

The inclusion of a vessel’s environmental performance is critical for being able to 

understand the level of damage caused by the reference ship’s emission and how 

policy/an energy transition can address it. How Arctic shipping economic viability is 

altered as a consequence is therefore considered in this thesis. The inclusion of this 

is justified through historical observations suggesting increasing momentum in favour 

of environmental legislation, which proves that there are significant adverse 

externalities emanating from shipping activity. Beginning with the 2000s there has 

been an increase in the volume of legislation with 3 out of 6 environmental policies 

being announced/come into force in the past 4 years (IMO, 2018a; Čampara, 

Hasanspahić and Vujičić, 2018; IMO, 2019a). It is likely that the momentum will at 

least continue with policies likely to grow more ambitious, considering increased 

awareness of humanity’s footprint on the environment. Nonetheless, there is 

uncertainty in terms of how ambitious environmental policy can be and its 

geographic extent.  

For this thesis, policy scenarios can be integrated with sea ice projection scenarios 

to reflect the societal narratives that would facilitate the ambition and scope of 

environmental policies. For instance, it is unlikely that under the greenest narrative 

ships would still be powered by the dirtiest fuels. Hence combining policy scenarios 

with sea ice projections may provide more depth in terms of finding what 

socioeconomic conditions correspond with what outcome. Furthermore, through 

considering different policy scenarios their ability to mitigate environmental costs and 

influence the economic feasibility of Arctic shipping can be deduced. In this 

investigation, the effects of a command and control policy are to render non-

compliant fuels incompatible and for a market based measure to tax CO2eq 

emissions.  

One study does assess the effect of policy on Arctic shipping feasibility, finding that a 

carbon tax influences the economics of the route for certain fuels (Ding et al., 2020). 
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Previous research focused on the harmful effects of exhaust gas emissions from 

ships in the Arctic (Lindstad, Bright and Strømman, 2016; Schröder, Reimer and 

Jochmann, 2017). Including the effects of market based and command control 

measures would expand upon previous environmental research as including policy 

would facilitate an analysis on mechanisms that are designed to address poor 

environmental performance. Balanced assessments tended to integrate 

environmental and commercial analyses of Arctic shipping together (Bekkers, 

Francois and Rojas‐Romagosa, 2016; Bensassi et al., 2016; Yumashev et al., 2017). 

Through the inclusion of policy mechanisms, the previous work on balanced 

assessments could be expanded upon for the same reasons.  

 

2.5. Fuels  
 

Significant attention has been devoted to the study of alternative fuels (Argyros et al., 

2014; Lloyd’s Register and UMAS, 2019b; Smith et al., 2019b; Lloyd’s Register and 

UMAS, 2020; Englert et al., 2021a). Within the more recent Arctic shipping literature, 

the effects that alternative fuels have on emissions has been assessed (Azzara and 

Rutherford, 2015; Schröder, Reimer and Jochmann, 2017; Comer, 2019; Ding et al., 

2020; Xu and Yang, 2020). Changes in Arctic shipping exhaust emissions due to 

changes in fuels are examined through modelling exhaust emissions in Schröder, 

Reimer and Jochmann, (2017). This has evolved to considering commercial 

dimensions, such as fuel cost and other related costs. In Ding et al., (2020) the 

feasibility of the NSR is contrasted with the Suez based on different fuel oils plus 

LNG. The feasibility is then tested against the different fuels given an Arctic carbon 

tax, illustrating the link between fuels, policy and Arctic shipping commercial 

feasibility. The emissions, voyage, capital and operating expenses for an LNG 

fuelled containership are evaluated in Xu and Yang, (2020) and find the NSR to be 

feasible under certain conditions. An interesting assumption is made that the Port of 

Sabetta could be used as a refuelling centre for LNG powered ships. What the 

author considers to be important about the assumption is the acknowledgement that 

some degree of infrastructure lies in place for alternative fuels which suggests that 

there is potential for them to be used on Arctic routes. A discussion on infrastructure 
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also takes place in Comer, (2019) where fuel oils, LNG, electricity and hydrogen are 

compared. Although hydrogen required more instances of refuelling, when hydrogen 

was compared against both fuel oils and LNG it was found to be the optimal fuel due 

to zero operational emissions produced and the risk plus damages from spills being 

obviated (Comer, 2019). Although this conclusion may be challenged by the recent 

research on the greenhouse effect of hydrogen (Warwick et al., 2022b).  

A vessel’s performance is intrinsically linked to the operating fuel. The operating fuel 

affects various aspects of the vessel specifications in addition to its operating and 

commercial performance (Raucci, 2017). Due to differing chemical properties, 

different fuels carry different energy densities which then affect the volume of cargo 

that can be transported, because some fuels require larger fuel storage space for the 

same energy demand. Compatible engines must also be considered, and this will 

alter the overall engine efficiency in terms of fuel consumption. Other factors are 

more explicit such as differing fuel prices based on manufacturing process.  

Not all alternative fuels have equal parity in terms of their ability to be sustainable. 

Whilst LNG has been posited as a sustainable solution, some concerns have been 

raised about its ability to sufficiently address GHG emissions (Thomson, Corbett and 

Winebrake, 2015; Gilbert et al., 2018; Speirs et al., 2019; Englert et al., 2021c). 

Concerns range from fossil fuel extraction being incommensurate with 1.5 – 2o C 

warming targets, to leakage of methane emissions. Fundamentally the main concern 

is that a combination of long useful vessel lives plus expensive technologies 

combine to lock in a fossil fuel for the next few decades. There is some evidence to 

suggest that both ammonia and hydrogen can reduce the damages from climate 

change and air pollution (Lloyd’s Register and UMAS, 2020). Both fuels have 

received attention and are being tested in pilot projects (Kongsberg, 2020; Sakashita 

et al., 2020).  

With fuels, a gap exists in the literature to include the environmental and commercial 

performance of alternative fuels in the assessment of Arctic shipping. The identified 

gap pertains to the inclusion of alternative fuels and its effects on operating, 

commercial and environmental performance.  

• Alternative fuels – Including the effects of alternative fuels, is a crucial 

dimension that brings together the dynamics between vessel environmental 
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performance, socio-economic scenario and policy. This is because they will 

be used to address emission regulations.  

Given that fuel consumption and costs influence the feasibility of Arctic shipping 

(Lasserre, 2014). Including alternative fuels in the assessment of Arctic shipping 

feasibility will shed new insights. This is because the Arctic routes have relatively 

shorter lengths which mean that less fuel is consumed, making fuel costs lower. The 

Arctic shipping literature can be expanded upon to include green alternative fuels to 

evaluate the effect that they will have on the commercial feasibility. Using fuels, it 

becomes possible to analyse effects of policy on Arctic shipping economic viability 

as it is likely that incoming environmental shipping legislation can be met through 

changes to fuel. Lastly, the debate on alternative fuels can be incorporated into 

Arctic shipping analyses as the outcome of the alternative fuel debate will influence 

the development of Arctic maritime activity. This is particularly relevant since the 

LNG prices this year have surged to over double their value in 2021 and this may 

influence Arctic shipping feasibility (Clarksons, 2020a).  

Considering alternative fuels in this thesis brings together the previous commercial 

and environmental research. Previous research that predates maritime 

decarbonisation initiatives tended to look at the financial costs of Arctic shipping and 

HFO as an operating fuel (Omre, 2012; Furuichi and Otsuka, 2015; Lasserre, 2015; 

Beveridge et al., 2016; Faury and Cariou, 2016; Hansen et al., 2016). Given that 

alternative fuels address poor environmental performance, their inclusion in this 

thesis brings together the research from Zhu et al., (2018), Lindstad, Bright and 

Strømman, (2016) and Schröder, Reimer and Jochmann (2017) with the route 

selection literature.   
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2.6. Sensitivity of Arctic Shipping to Key Parameters 
 

Despite there being a consensus on Arctic ice decline and development in terms of 

feasibility, considerable uncertainty remains over the extent of accessibility and 

viability of ships. To this end some articles have been dedicated to identifying and 

building an understanding on what the key sources of uncertainty are. The NSR 

tariff, ice thickness and fuel price are often cited as a key source of uncertainty. For 

the NSR tariff it is because the fee varies and is dictated by negotiation rather than 

market economics (Gritsenko and Kiiski, 2016; Hansen et al., 2016; Cariou et al., 

2019; Theocharis et al., 2019). The tariff includes the ice breaking and ice pilotage 

fees and was reformed early on in the 2010s (Rossiyskaya Gazeta, 2012). For fuel 

price and ice thickness, their unpredictability stems from market volatility and 

variability respectively. The former influences the commercial performance of the 

vessel and the latter the operating dimension. Theoretically, higher fuel prices make 

shipping fuel costs more sensitive to route distance as the fuel costs more per tonne 

consumed. Thicker ice slows the ship offsetting the operating benefits of using a 

shorter route and the NSR tariff can vary due to forces external to the market. The 

evidence suggests that at this present moment these variables do hold some 

influence (Cariou et al., 2019; Theocharis et al., 2019).  

Preliminary analysis of historical HFO price and traffic observations suggest that 

there is some alignment between the two. When the observations are plotted against 

each other, the trends seem to match. This may be indicative of the theoretical 

relationship between fuel price, costs and route distance described earlier.  
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Figure 2-4. The number of NSR transits from 2010-2019 compared with the HFO 

bunker price recorded for that same year. Data is taken from CHNL and NORD 

University, (2021) and Clarksons (2020a). 

From 2012 to 2019 there is a close match between the trends in HFO bunker price 

and number of transits through the NSR voyages. As HFO bunker prices are set at a 

relatively high price, the number of transits increases and vice versa. When the HFO 

bunker price is plotted against the number of voyages through the NSR a positive 

correlation can be observed.  
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Figure 2-5 Plot of HFO bunker price against number of NSR transits. The bunker 

price and NSR transits are obtained from Clarksons, (2020a) and CHNL and NORD 

University, (2021). The figure also shows the product moment correlation coefficient 

(pmcc) value, indicating the strength of the relationship between the two variables. 

 

Figure 2-5 suggests that there are potentially factors that influence Arctic shipping 

activity. The product moment correlation coefficient is close to a value of 1 

suggesting a positive correlation, and as the p-value is less than 0.05, the null 

hypothesis that there is no correlation between the datasets can be rejected with 

95% confidence. It gives cause for further investigation on the relationship between a 

ship’s fuel and the choice of route. Whilst this is not evidence of a causal link it 

demonstrates that there are parameters which may hold sway over the economic 

viability of Arctic shipping.  

In terms of methods, sensitivity analysis is done by designing a set of experiments 

and observing the results (Hansen et al., 2016; Theocharis et al., 2019). This is an 

effective and computationally cheap way to obtain results. However, considering the 
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emerging environmental science in Arctic shipping and alternative fuels literature 

there are two gaps to expand upon. 

• Method – Evolve the methods from designed experiments and local 

exploration, to explore the global input space. 

• Sensitivity analysis considering more themes – Presently, the sensitivity 

analysis used in the literature is restricted to studying the financial feasibility of 

Arctic shipping. This can be expanded upon if the economic feasibility is 

joined together with alternative fuels and emission damages. 

 

Firstly, a different method that explores the input parameter space can be used. 

Within the sensitivity analysis community, this is commonly done through global 

sensitivity analysis (Saltelli et al., 2007). This involves using a monte carlo approach 

to vary the value of input parameters simultaneously. The purpose of doing this is 

that the relative contribution of the input variables to the output variable can be 

assessed and compared. Secondly, considering the other gaps mentioned the 

themes can be brought together and using a form of global sensitivity analysis. This 

means that the importance of the parameters can be directly compared with one 

another. The contribution made through addressing these gaps is that the relative 

importance of certain variables can be ranked, directing future research accordingly. 

The contribution from addressing the second gap is to assess a more expansive 

array of parameters. Whilst icebreaker fees and fuel prices are influential, this may 

be challenged when compared against emission externalities. Furthermore, it gives 

an opportunity to assess how the influence of these variables changes with different 

fuels. For instance, as the fuel price of ammonia would differ from LSHFO, would the 

fuel price have the same influence for an ammonia fuelled ship as it may have for an 

LSHFO fuelled one. To address these gaps, the themes identified in this chapter 

need to be joined together under one framework. 

Undertaking a sensitivity analysis facilitates an identification of the parameters that 

are critical in influencing Arctic shipping feasibility. As Lasserre, (2014) mentions, 

many models have been built with a diverse set of assumptions and several 

sophisticated models of Arctic shipping already exist (Bekkers, Francois and Rojas‐

Romagosa, 2016; Yumashev et al., 2017). Conducting a sensitivity analysis would 
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shed light on which assumptions hold the most influence and consequently help to 

direct further research. Literature on Arctic shipping’s influential factors have tended 

to be qualitative and more recently explored using local sensitivity analysis 

(Gritsenko and Kiiski, 2016; Cariou et al., 2019, p. 201; Theocharis et al., 2019; Moe, 

2020). By adopting sensitivity analysis techniques in this thesis, it builds upon the 

qualitative research by seeing if a quantitative assessment on Arctic shipping 

influential factors aligns with qualitative assessments. 

 

2.7. Synthesising Themes 
 

Gaps have been identified in each theme encountered in the literature, but an 

overarching gap also exists in terms of synthesising the different themes together. It 

has been evidenced that climate science and economics can be linked together 

under a modelling framework (Yumashev et al., 2017). The gaps outlined in the 

thematic reviews can be addressed through using the latest developments in each 

area and integrating the themes together under one modelling framework.  

This increases the visibility of the interactions and facilitates the testing of a greater 

number of parameters. Large uncertainties in terms of how Arctic shipping will 

develop remain present and through a synthesis of different themes Arctic shipping 

science will benefit from insights into the type of conditions that it will become 

feasible under. When attempting to integrate different themes together under a 

central framework, it also becomes possible to explore a wider input space. Using 

these interactions, it becomes possible to observe which paradigm and area of the 

model deserve greater attention in future research.  

Furthermore, it will help to align the research outlined in this thesis and hopefully 

future research with developments beyond the industry. Calls for cross-coordination 

and better understanding between economics, social and natural sciences have 

been made in the literature (Theocharis et al., 2018; Alvarez, Yumashev and 

Whiteman, 2020). By unifying the varying strands of the literature under a single 

framework, the main contribution is to present a method that enables an assessment 

of Arctic shipping commercial feasibility on balance with different themes.   
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2.8. Assessment of Previous Methods 
 

The same articles used to produce Figure 2-1 are assessed to identify what methods 

have been used to address the route selection dilemma. Each article is categorised 

according to their research approach, method type and whether they assess Arctic 

shipping feasibility through a profit or cost approach. Bottom up is used to refer to 

methods that simulate the operation of a system and upscale the conclusions, top-

down methods are used to refer to macroeconomic methods that capture the effects 

of Arctic shipping on the wider economy or industry.
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Table 2-4. A list of articles used to assess the previous methods used in the literature. The citation, title, research approach type of 

method and whether profits or exclusively costs are used to assess Arctic shipping feasibility is given.  

Citation Title 
Research 

approach 
Method type Profit/Cost 

(Lasserre and 

Pelletier, 2011) 

Polar super seaways? Maritime transport in the 

Arctic: An analysis of shipowners' intentions 
Surveys Not applicable Not applicable 

(Lasserre, 2014) 

Case studies of shipping along Arctic routes. 

Analysis and profitability perspectives for the 

container sector 

Literature review Not applicable Not applicable 

(Faury and Cariou, 

2016) 

The Northern Sea Route competitiveness for 

oil tankers 

Economic 

analysis 
Bottom-up Cost 

(Hong, 2012) 
The melting Arctic and its impact on China’s 

maritime transport 
Literature review Not applicable Not applicable 

(Hansen et al., 2016) 
Arctic Shipping – Commercial Opportunities 

and Challenges 

Economic 

analysis 
Bottom-up Cost 

(Furuichi and Otsuka, 

2013) 

Cost Analysis of the Northern Sea Route 

(NSR) and the Conventional Route Shipping 

Economic 

analysis 
Bottom-up Cost 
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(Furuichi and Otsuka, 

2015) 

Proposing a common platform of shipping cost 

analysis of the Northern Sea Route and the 

Suez Canal Route 

Economic 

analysis 
Bottom-up Cost 

(Omre, 2012) 

An economic transport system of the next 

generation integrating the northern and 

southern passages 

Economic 

analysis 
Bottom-up Cost 

(Yumashev et al., 

2017) 

Towards a balanced view of Arctic shipping: 

estimating economic impacts of emissions from 

increased traffic on the Northern Sea Route 

Economic 

analysis 
Top-down Not applicable 

(Humpert and 

Raspotnik, 2012) 
The future of Arctic shipping Literature review Not applicable Not applicable 

(Bekkers, Francois 

and Rojas‐

Romagosa, 2016) 

Melting ice caps and the economic impact of 

Opening the Northern Sea Route 

Economic 

analysis 
Top-down Not applicable 

(Zhao, Hu and Lin, 

2016) 

Study on China-EU container shipping network 

in the context of Northern Sea Route 

Economic 

analysis 
Bottom-up Profit 

(Bensassi et al., 

2016) 
Melting ice, growing trade? 

Economic 

analysis 
Top-down Not applicable 
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(Wang et al., 2020) 

Feasibility of the Northern Sea Route for oil 

shipping from the economic and environmental 

perspective and its influence on China's oil 

imports 

Economic 

analysis 
Bottom-up Cost 

(Cariou et al., 2019) 

The feasibility of Arctic container shipping: the 

economic and environmental impacts of ice 

thickness 

Economic 

analysis 
Bottom-up Cost 

(Xu and Yang, 2020) 
LNG-fuelled container ship sailing on the Arctic 

Sea: Economic and emission assessment 

Economic 

analysis 
Bottom-up Profit 

(Theocharis et al., 

2019) 

Feasibility of the Northern Sea Route: The role 

of distance, fuel prices, ice breaking fees and 

ship size for the product tanker market 

Economic 

analysis 
Bottom-up Cost 

(Solvang et al., 2018) 
An exploratory study on the Northern Sea 

Route as an alternative shipping passage 
Inductive Not applicable Not applicable 

(Wang, Zhang and 

Meng, 2018) 

How will the opening of the Northern Sea 

Route influence the Suez Canal Route? An 

empirical analysis with discrete choice models 

Discrete choice Not applicable Not applicable 

(Beveridge et al., 

2016) 

Interest of Asian shipping companies in 

navigating the Arctic 
Surveys Not applicable Not applicable 
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Table 2-4 shows that the question of Arctic shipping’s commercial feasibility is 

primarily addressed using economic analysis and cost modelling (Theocharis et al., 

2018). This method is derived from the fundamental economic principle that rational 

agents seek to maximise their profits, intuitively this can be achieved through 

increasing revenues whilst holding costs relatively fixed or vice versa.  

There are exceptions to economic analysis of Arctic shipping, for example a system 

dynamics framework was used in Kiiski et al., (2018), a logit model was used in 

Wang, Zhang and Meng, (2018) and an inductive approach was used in Solvang et 

al., (2018). Nonetheless, the purposes of the respective articles differ from the 

investigation outlined here and from each other. In Kiiski et al., (2018) the 

investigation was oriented towards the interactions of icebreaking capacities, supply 

dynamics and cargo shipping. Given the finite selection of alternatives to the Suez 

Canal Route, discrete choice theory is a tidy fit and directly addresses the route 

selection (Wang, Zhang and Meng, 2018). A cross-examination of 20 investigations 

from 2011-2020 found that 65% of studies used economic frameworks for assessing 

the route choice selection dilemma. 
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Figure 2-6. A cross section of the research approaches for 20 studies taken from 

2011 - 2020. The most common approach taken was an economic analysis of Arctic 

shipping, followed by a review of the literature.  

 

The illustration shows that economic analysis is the most common choice for 

researchers who assess the Arctic shipping route selection dilemma. It is clear from 

the discussion of the literature that the method used depends on the purpose of the 

article. The inductive study expanded the understanding that key stakeholders would 

attain from an increasingly open NSR, surveys explored present intentions and 

concerns regarding utilising the NSR and a literature review provided critical 

assessments on the state of the art which could direct future research and add clarity 

to certain debates (Lasserre, 2014; Beveridge et al., 2016; Solvang et al., 2018; 

Theocharis et al., 2018).  
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The articles cited in Table 2-4 primarily concern analysis of Arctic route feasibility, 

influential variables, and magnitude of benefits. The key principle in these studies is 

that the cheaper route is the most competitive route, and this is an inference made 

from the profit maximisation framework. All else being equal, if costs were to reduce 

then profits will increase – therefore, the cheaper route is the most competitive route. 

How this analysis can expand upon previous economic analyses of Arctic shipping to 

address the literature gaps is discussed in Chapter 4  

 

2.9. Conclusion 
 

Having grouped the literature according to their respective themes, several literature 

gaps that correspond with integrating the themes together emerged. Until recently 

most studies have tended to focus on Arctic shipping feasibility in the present day. 

Environmental and commercial assessments tend to be separate from one another 

and the role of policy in addressing poor environmental performance has not been 

considered. This thesis attempts to build upon the previous work by using 

developments from the maritime decarbonisation literature to address these 

literature gaps. By including alternative fuels in an economic assessment of Arctic 

shipping, the commercial performance of the ship may change and so will some of 

its technical specifications. Some of these changes are simplified and not all of them 

are included in this investigation. This is based on how pertinent these changes are 

to the aims of this investigation, however they may represent areas for further work. 

This is discussed in greater detail in Chapter 5. What the inclusion of alternative 

fuels does do, is bring together policy with economic and environmental 

assessments since there the adoption of alternative fuels is mandated by the IMO’s 

initial GHG strategy. This means that the efficacy of a policy can be judged 

according to which fuel ends up being adopted and what the subsequent 

environmental performance is. Lastly, sensitivity analysis has begun to be deployed 

in the literature. Given the inclusion of different themes, a sensitivity analysis is 

warranted to find which areas are important to this investigation and justify further 

research. An analysis of previous methods used suggest that economic analysis is 

the most common method used to assess Arctic shipping.   
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3. Hypotheses and Research Questions 
 

3.1. Introduction 
 

A set of hypotheses and research questions are developed to address the literature 

gaps identified from the review. The first question begins with the internalisation of 

externalities to see how the commercial viability changes. The aim of this question is 

to establish the effect this method has on Arctic shipping feasibility before it is 

applied throughout the rest of this investigation. The second question addresses key 

uncertainties associated with different possible socio-economic and global warming 

pathways. Insights gained from the second question will aid in understanding what 

the different possible futures may be and how much uncertainty there is. The third 

question examines the key influences of Arctic shipping feasibility. The parameter 

space is explored to ascertain how sensitivities change with scenarios, fuels and 

time.  

 

3.2. Hypotheses and Research Questions 
 

Based on the literature gaps a series of hypotheses has been designed to be tested. 

The hypotheses serve as a platform for the construction of the research questions. 

The first one involves testing how internalising emission damages effects the 

feasibility of Arctic shipping.  

Hypothesis 1 - The addition of emission damages to financial costs will alter the 

feasibility of Arctic shipping routes. 

The emissions from ships are an area receiving much attention from both the Arctic 

shipping and general shipping literature. The addition of these damage costs to the 

financial costs are hypothesised to change the cost competitiveness of the Arctic 

routes. This is because species emitted by ships in the Arctic may drive 

environmental change. This hypothesis tests whether reductions in costs from sea 

ice decline are offset by increases in damages from emissions. Setting the stage for 

the rest of the investigation through establishing the method and results for the 

baseline case.  
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Research Question 1 - How will the financial feasibility change when emissions 

damages are accounted for? 

The aim of exploring this area and proposing this question is to assess the 

environmental risks and trade-offs faced from Arctic shipping. Due to the Arctic’s 

environment, and the shorter shipping routes this question directs the investigation 

into whether the shorter distances offset the damages from emissions to the 

environment. This question addresses the gap regarding the assessment of future 

environmental and financial trade-offs through the internalisation of damage costs. 

The weighting of financial versus environmental costs will help expand on the 

consensus that commercial feasibility increases with sea ice decline.  

Hypothesis 2 – The different socio-economic and warming scenarios will influence the 

financial viability of Arctic shipping. 

This hypothesis was proposed based on the link between Arctic ice extent and 

accessibility. Given the link between global GHG emissions, sea ice decline and the 

variety of factors which influence global GHG emissions, it is inferred that different 

possible warming and societal evolution trajectories will influence costs. The 

hypothesis is followed by a question which enables it to be tested. Arctic sea ice and 

its projected extent is a large source of uncertainty that influences the feasibility of 

Arctic shipping.  

Research Question 2 - How will different socio-economic and warming scenarios 

influence the financial viability of ships transiting through the Arctic? 

This question brings the focus of the investigation towards a key uncertainty in Arctic 

shipping analysis, sea ice extent. The sea ice extent largely depends on global GHG 

emissions, it is an uncertainty which is accounted for by using sea ice projections 

deduced from a range of socio-economic and warming scenarios. Moreover, the 

costs to both the shipowner and charterer can be analysed considering the role that 

different fuels will play on both capital and voyage costs. Crucial insights into the 

evolution of Arctic shipping commercial feasibility and its corresponding 

socioeconomic and global warming pathways may be produced.  

Hypothesis 3 – There are influential variables which determining Arctic shipping 

commercial feasibility. 
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After accounting for uncertainties emanating from sea ice projections and possible 

policy measures, the third hypothesis directs the focus of the research towards the 

relationships between outputs and inputs, to understand what drives the results.  

Hypothesis 3 expands upon the previous 2 by bringing the focus of the research 

towards the relationships between the inputs and outputs. A consensus that fuel 

costs are a significant influencer of the Arctic routes’ cost competitiveness is already 

established in the literature. The icebreaking fee and other related tolls have 

received some attention in the literature for being a critical component which affects 

the feasibility of the NSR. It is therefore hypothesised that the commercial feasibility 

is most sensitive to fuel price and NSR tolls.  

Research Question 3 – What are the most influential variables that determine Arctic 

shipping feasibility? 

Insights here complement the outputs produced by the previous research questions 

by bringing the focus back to what drives the results and how uncertainties 

propagate through the model. Furthermore, future research can be directed towards 

influential variables so that they may be pursued with greater fidelity.  

 

3.3. Conclusion and Thesis Structure 
 

Three questions were designed to address the literature gaps identified from the 

previous section. Incorporating externalities accounts for the implicit costs that affect 

people and the climate. The first question aims to understand whether the inclusion 

of these costs will make Arctic shipping more or less feasible. Given the 

uncertainties associated over future emissions and degree of global warming the 

second research question aims to understand the level of uncertainty of Arctic 

shipping feasibility based on different socioeconomic and global warming scenarios. 

Using externalities, it becomes possible to assess Arctic shipping feasibility whilst 

considering damages from emissions from ships. Lastly, the third research question 

aims to shed light on what parameters are influential in determining Arctic shipping 

feasibility. This is whilst considering the different themes encountered in the Arctic 

shipping literature review to see if emission costs are influential when compared 

against the other financial costs, such as icebreaker tariff and fuel price.  
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Chapter 4 begins by describing the methods that could be used to evaluate the 

Arctic shipping route selection dilemma. The methods are evaluated based on their 

relative merits and applicability to the research design. Chapter 5 outlines the 

proposed model structure for addressing each research question. It is designed 

according to the framework described in Chapter 4. Chapter 6 follows on from 

Chapter 5 by outlining the validation for each module of the model. Chapter 7 

describes the Arctic shipping scenarios that have been deduced from the 

assumptions for the socio-economic and global warming scenarios in this study. 

Chapter 8 presents and interprets the results produced by the model that addresses 

each research question. Chapter 9 draws conclusions for each research question 

based on the results from the previous chapter and discusses how the findings relate 

to the wider literature. Chapter 10 brings together the conclusions for each research 

question and the wider implications.  
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4. Theoretical Framework and Methodology 
 

4.1. Introduction 
 

This section introduces the theoretical framework and the methods used to answer 

each research question. The aim of this chapter is to identify and evaluate 

appropriate frameworks and methods according to their applicability in testing the 

hypotheses outlined in the previous chapter. Through assessing what is presently 

applied in the literature with what is applied elsewhere, a balance can be struck 

between ensuring the reliability of the selected framework whilst considering 

effective approaches.  

 

4.2. Economic Profit Maximisation 
 

This section begins with a discussion on some frameworks used in the literature and 

beyond. Both the framework and methods are evaluated using a pragmatic 

approach, this means considering their fit with the methods and the resources that 

are available to this investigation. The two most important criteria when selecting the 

framework was that it must reflect the quantitative and experimental nature of the 

investigation and account for the interactions between different variables (Creswell, 

2014). Fundamentally, two philosophical perspectives can be adopted – inductive or 

deductive approaches, inductive relates to theory building and deductive to theory 

testing and both will affect the method design (de Vaus et al., 2014; Rehmatulla, 

2014). What governs the conditions that make certain frameworks more applicable 

than others is the nature of the research question. The research question governs 

the nature of the enquiry and what the theoretical outcomes of the investigation will 

be. Some questions aim to build an understanding on social and human challenges 

whereas others wish to explore the relationship between key instruments and 

parameters. Some questions require a distinct design to address sophisticated 

challenges and to facilitate this, a mixed methods approach that integrates 

qualitative and quantitative methods together must be deployed. It is argued in de 

Vaus et al., (2014) that there is a clear distinction between research design and 
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method. Research design pertains to the logic that directs the enquiry and the 

method is the means through which data is collected.  

The research questions in this investigation direct the enquiry towards understanding 

how different parameters and concepts relate and affect one another. What is implicit 

in each research question are the linkages between different themes ‘How will the 

financial feasibility of Arctic shipping change when externalities are accounted for?’, 

financial viability concerns the cashflow and performance of the company whereas 

externalities pertain to public economy. The other question ‘How will different socio-

economic and warming scenarios influence the financial viability of ships transiting 

through the Arctic?’ concerns climate change with financial performance. There is a 

common theme of connections between different themes in the wording of each 

question. The logic of this enquiry dictates that there are several dimensions to this 

investigation. Given that Arctic shipping route selection is an abstract problem, the 

framework from de Vaus et al., (2014) is used to structure the problem by listing the 

factors that may influence the decision to transit through the Arctic. 
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Figure 4-1. This figure shows how Arctic shipping feasibility can be broken into several factors in descending order of specificity. 

This structure is adapted from de Vaus et al., (2014)
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Figure 4-1 shows how Arctic shipping feasibility can be broken down into multiple 

sub-dimensions. The figure begins with the problem itself and structures the problem 

according to the factors that may affect it. The lower down the factor the more 

specific it is. Given that the research questions concern future events and 

interactions between different parameters, using the logic from Creswell, (2014) and 

de Vaus et al., (2014) the research will primarily be quantitative in nature. As the 

methods for each research question is dependent on the principal research design 

which itself is governed by quantitative reasoning, it is inferred that all the research 

questions are deductive in nature. The proposed research design must synthesise 

the sub-dimensions which itself must be guided by a theoretical framework. Several 

frameworks were considered.  

 

 

Figure 4-2. Considered theoretical frameworks in the design of this research. Arctic 

shipping feasibility is broken down according to inductive and deductive approaches. 

Orange boxes are considered approaches that were not adopted and blue boxes 

represent considered approaches that were adopted. 
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Figure 4-2 shows that economic profit maximisation was the selected framework for 

this study. Inductive approaches are incompatible with the purpose of this 

investigation, since the nature of the hypotheses and research questions are to test 

them and inform how different parameters interact with one another. The principal – 

agent framework governs the dynamics when a decision made by an agent impacts 

upon the principal, this theory has been deployed in shipping already and yields 

insightful results if the agent is acting through self – interest (Rehmatulla, 2014; 

Rehmatulla and Smith, 2015). Principal agent theory is ruled out, because the 

principal – agent dilemma is not applicable under this context. Analogical reasoning 

between the opening of the Arctic routes and opening of the Suez Canal Route can 

be used to expand the understanding that the impacts of a new and shorter route will 

have on a longer and established counterpart (Hesse, 1964). Analogical reasoning 

cannot be used since it is argued here that the similarities between the opening of 

the Suez Canal and increase in accessibility of Arctic routes are superficial. 

Increases in Arctic accessibility are caused by global warming and the maritime 

industry in the 19th century is different to what it is now in the 21st century. Sea ice 

affecting ship performance is unique to the polar regions. Addressing route selection 

using statistical methods is a reliable approach to take, but given the lack of 

empirical data on Arctic shipping it would be a cumbersome and time consuming 

task to construct a robust discrete choice model (Vythoulkas and Koutsopoulos, 

2003). Given the uniqueness of Arctic ice decline it is argued that past events are not 

a valid predictor of what may happen in future. Supply chain management is broad in 

scope and can expand the investigation towards influential factors beyond shipping 

which may also influence route selection (Giménez and Ventura, 2003). However, 

supply chain management is restricted to liner shipping and is therefore inapplicable 

to dry and tankers.  

A distinction is made in this thesis between financial and economic profit 

maximisation. Financial profits are restricted to accounting revenues and costs, 

whereas economic profits are inclusive of financial parameters but are expanded to 

include opportunity and social costs (Mankiw and Taylor, 2011). Whilst opportunity 

and social costs are nominally abstract, their inclusion expands the analysis to reflect 

the fact that when a choice is made, alternatives to that choice are lost. In this 

context, the costs would be the loss of deadweight to alternative fuels, the costs 
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borne by society from climate change and poor human health (Palmer and Raftery, 

1999; Parkin, 2016). Bringing together environmental externalities, alternative fuels 

and commercial performance can be achieved through harnessing an economic 

profit maximisation framework. This turns Arctic shipping feasibility into a function of 

the operating engine and fuel used by the ship. The selection of this framework is 

reliable as it aligns with what is commonly used in the literature.  

 

4.3. Bottom-Up Techno Economic Model 
 

This leads onto the development of the underlying method for this investigation. 

Since the investigation for each research question is tied together under one 

framework, the framework can be used as a guide to construct an overarching 

method and architecture to address all the research questions. The sample of 

studies from Table 2-4 was reduced to create a new set of studies which exclusively 

consist of economic frameworks. A cross section of the perspectives adopted from 

the literature is compared.  
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Figure 4-3. A cross section of the method's architectural perspective for 13 studies 

taken from 2011 – 2020. The most common perspective is the ‘bottom-up’ 

perspective, where results are upscaled and generalised.  

 

Out of 13 studies which assessed the Arctic routes economically, 77% of them 

adopted a bottom-up perspective. The choice of a bottom-up architecture ties in with 

the benefits that this perspective offers. An examination of the 10 bottom-up articles 

in Figure 4-3 evidences that the focus of these investigations tends to be on the cost 

side of the profit equation. However, since the model would be a product of 

theoretical deduction and various axioms the validity and generalisability of the 

results must be tested. An evaluation on the validity of Arctic specific costs and sea 

ice – ship performance interactions are needed if the results are to have any 

credibility (Winsberg, 2013). This can be achieved through direct comparison with 

real world observations and industry benchmarks/sources. 
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The 3 top-down studies use gravity equations to estimate the effect from reductions 

in transport costs from Arctic routes to trade flows (Bekkers, Francois and Rojas‐

Romagosa, 2016; Bensassi et al., 2016; Yumashev et al., 2017). The study by 

Bekkers, Francois and Rojas-Romagosa, (2016) uses a computable general 

equilibrium model to go as far as to predict changes in CO2 emissions from 

economic gains due to Arctic shipping. In Bensassi et al., (2016) the gravity method 

is combined with sea ice analysis. The top-down article which was most influential to 

this research is Yumashev et al., (2017) which expanded upon the research in 

Bekkers, Francois and Rojas-Romagosa, (2016) and used semi-empirical sea ice 

projection models to not only project bilateral trade distributions between Europe and 

Asia but also to project the damages from shipping emissions and emissions 

emanating from growth of gross domestic product (GDP). What was influential about 

this study was the combination of different elements which are normally analysed 

discretely to comprehensively analyse the status quo of Arctic shipping and what can 

be expected in future.  
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Figure 4-4. An examination of the 10 bottom-up studies shows that costs are the 

principal focus of the studies. Studies that assess ‘profit’ also look at revenues in 

addition to costs. 

A distinction is made in Figure 4-4 between those studies which analyse profit 

holistically and those that have a principal focus on cost. From the 10 bottom-up 

studies 80% focused on the cost dimension of profit. More recent cost studies have 

begun exploring the influence of sensitivities of shipping costs to other parameters 

such as sea ice. In Cariou et al., (2019) the sensitivity of fuel costs and ship speed to 

sea ice thickness is explored in addition to how different sea ice thicknesses may 

influence round-trip liner operations. The study by Theocharis et al., (2019) explores 

the sensitivity of product tanker services across the costs to fuel price, icebreaking 

fees and ship size using historical data.  
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Recent publications suggest that the trajectory is heading towards understanding the 

influence of different Arctic shipping costs. There is an overlap beginning to form 

between the cost models developed in the literature, suggesting a consensus within 

the literature on what constitutes the transport cost of Arctic shipping (Furuichi and 

Otsuka, 2013, 2015; Hansen et al., 2016; Theocharis et al., 2019; Wang et al., 2020; 

Xu and Yang, 2020). With this consensus, the analysis is shifting from identifying the 

constituent charges to understanding the interactions and influence of those 

charges. There is also an emerging shift towards accounting for and internalising the 

damages emanating from emissions and incorporating this into cost modelling 

(Lindstad, Bright and Strømman, 2016; Wang, Zhang and Meng, 2018; Zhu et al., 

2018). Across these fields, bottom-up cost models seem to be the preferred mode of 

analysis, evidencing their suitability and versatility in an Arctic shipping context.  

Other alternatives beyond the mainstream Arctic shipping literature that have been 

identified are agency-based models, system dynamics models and black box 

methods. The type of model and its compatibility with the aims of this investigation 

can be evaluated according to the output of the model and its alignment with the 

framework. It is stated in Mangan, Lalwani and Gardner, (2002) that outcome 

orientated models tend to use mathematical formulae to arrive at their answer. This 

implies an element of deduction as theories are being tested to arrive at an outcome. 

By contrast, an inductive approach would entail using historical events or analogous 

reasoning to build a model that can expand the understanding of the development of 

Arctic routes.  

Beyond the prevailing architecture of the model, there are more sub dimensions 

which must be considered. Three model perspectives exist, a top-down, bottom up 

and computerised general equilibrium perspective (Sovacool, Axsen and Sorrell, 

2018; Halim, Smith and Englert, 2019). A further sub dimension exists which is to 

ascertain whether the output will be a time series or a static model.  
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Figure 4-5. Considered hierarchy of model architectures. Beginning with the route 

choice dilemma, the lower down the method the more it is. Orange boxes are 

approaches that were not adopted and blue boxes are considered approaches that 

were adopted. 

Figure 4-5 shows that a static, bottom-up techno economic model is the proposed 

method used throughout this study. It is already established through the derivation of 

hypotheses, research questions and identification of an appropriate theoretical 

framework that this study is largely deductive in nature. That is, the profit 

maximisation framework will be used to test the hypotheses from the previous 

chapter. The deductive nature of this investigation therefore rules out survey design 

or case studies as they do not align with their direction or purpose. Instead, this 

study wishes to ascertain whether a set of parameters will influence the overall 

outcome on Arctic shipping viability and this is by definition experimental research 

(Creswell, 2014). Given resource and time constraints it is impractical to conduct 

physical experiments so the experiments must be done in a model of Arctic shipping. 
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A black box method such as neural networks or machine learning could be used to 

understand how Arctic shipping traffic may develop as sea ice recedes, but it will not 

produce insights on the interplay between different parameters. Furthermore, there is 

a lack of data for these methods to be applicable (Karlaftis and Vlahogianni, 2011). 

Agency based models have been used in shipping previously and can be used 

model agent interactions with its environment, it has already been used under an 

Arctic shipping context (O’Keefe, 2018). However, the models are cumbersome and 

there is a lack of empirical Arctic shipping data which can be used to build 

confidence in the model predictions due to a low volume of activity. A system 

dynamics model can be used to understand non-linear and complex systems and it 

may suit the technical and financial performance aspects of Arctic shipping, but 

would not be able to capture the environmental performance as well as other 

alternative approaches. The proposed method is a techno-economic model, which 

can cover the technical, economic and environmental performance of the ship. There 

are various perspectives this techno economic model can adopt from top-down to 

bottom up and to computerised general equilibrium perspective. The former captures 

the interactions of the wider-economy and macro-economic feedbacks but they do 

not provide the basis for detailed modelling of the process from primary energy 

consumption to costs (Böhringer and Rutherford, 2008; Sovacool, Axsen and Sorrell, 

2018). A computerised – general equilibrium equilibrates between a bottom up and 

top down perspective, however there are uncertainties that must be addressed for 

both top-down and bottom-up components of the model before confidence can be 

attached to the results (Halim, Smith and Englert, 2019). Whilst the benefits of this 

approach are powerful, confidence must first be built in either a top-down or bottom-

up model, therefore this is an area for further work. A bottom-up approach is 

selected due to be able to facilitate a means through which primary energy 

consumption can be translated into transport unit costs. This is relevant due to the 

interaction between Arctic ice and ship performance. Lastly, a static perspective is 

selected over a time-series because it fits in with the sea ice datasets and enables 

an in-depth analysis of certain years.  

Within the model, marine engineering and naval architecture principals can be 

combined with some empirical equations to estimate ship performance and 

performance in ice. With fuel consumption and transport work ascertained, the 
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outputs of the technical performance can feed into the economic side of the model 

where it is governed by profit maximisation theory. The robustness of the techno-

economic approach is evidenced from analysis of the literature in Figure 2-6, Figure 

4-3 and Figure 4-4. The research design, which includes the theoretical framework is 

therefore reliable and paves the way for addressing the literature gaps, where it is 

hoped that the outcomes are accessible to the wider Arctic shipping literature. 

 

4.4. Research Question 1 Method – Internalisation of 

Emission Damages 
 

 

Internalisation of emission damages is an emerging method in the literature (Zhu et 

al., 2018; Wang et al., 2020). Calculating these costs entails calculating the emission 

inventories first and multiplying them with their respective damage costs. This is 

achieved through deploying equations that relate emission factors to the fuel 

consumed. Fuel consumption is obtained using engineering principles and the 

emission factors depend on the physical and chemical properties of the fuel (Lloyd’s 

Register and UMAS, 2019a; Smith et al., 2019a). Deciding on what damage 

estimates to use however is a non-trivial task and is the subject of much debate over 

what the magnitude of the estimates are (Botzen and van den Bergh, 2012; 

Nordhaus, 2014). Debates over the methods of social cost estimation and their 

precise value remain unsettled. Theoretically what the social costs represent are the 

negative externalities that result from certain economic activities, a relevant example 

is air pollution. Financial production and transport costs are not indicative of the true 

economic cost as air pollution affects human health, harming long term economic 

productivity. Externalities such as air pollution are not accounted for in an 

unregulated market and the negative costs are incurred involuntarily by third parties. 

Unaccounted air pollution means that the market is pareto inefficient leading to an 

inefficient allocation of market resources and potentially market failure (Mankiw and 

Taylor, 2011).  

Damage cost frameworks have already been used in the literature, the studies Zhu 

et al., (2018) and Wang et al., (2020) adapt costs from Korzhenevych et al., (2014) – 
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a handbook of environmental costs. The air pollution damage cost quantifies the 

societal cost for every tonne of air pollutant emitted. There is some debate over the 

extent of damage costs as there are variations in the values, especially NOx and 

SOx. In Shindell, (2015a) they are assigned values of $67000/t and $42000/t due to 

their effects on human health, but in both Wang et al., (2020) and Zhu et al., (2018) 

the NOx and SOx values are quoted as being $2793.5 and $10117/t for the 

Mediterranean sea and $3397.5/t and $4379/t for the Arctic ocean – significantly 

lower values. In Shindell, (2015b) the damage costs are argued to be more sensitive 

to the choice in discount rates than geographic region, because philosophically what 

a low discount rate means is that future consumption is valued closely with present 

consumption. Trade-offs between the cost’s universality and specificity are also 

important as costs specific to a region are less generalisable and more applicable to 

local policymaking (Shindell, 2015a).  

Nonetheless, there is considerable evidence to support the relationship between 

environmental damages and transport emissions (Stettler, Eastham and Barrett, 

2011; O’Driscoll et al., 2018). A study of the emission effects from the proposed 

Heathrow airport expansion found that compared to building a new airport on the 

Thames estuary, adverse health impacts would increase substantially due to the 

location of each airport and corresponding population densities (Yim, Stettler and 

Barrett, 2013). Population is important because the air pollution cost is derived from 

harm to human health, so the more people that are affected by air pollution the 

higher the societal cost. The position adopted in this thesis is that geographic 

regions do affect air pollution damages this is based on the Arctic being less densely 

populated and economically developed than the areas surrounding the Suez Canal 

Route, this means that the air pollutant externalities are likely to be less (Stagonas, 

Thomas and Ryan, 2018). 

The absolute error from assuming no externalities is greater than one from adopting 

a value (Marten and Newbold, 2012). Higher costs are preferred over lower costs as 

there is a body of evidence that points towards the significant impacts of climate 

change Impacts involving changes to food/water security, sea level rises and 

adverse physiological reactions from the emergence of hotter and more inhospitable 

climates. These are difficult to quantify under economic terms (Pindyck, 2013; Burke, 

Hsiang and Miguel, 2015; Kulp and Strauss, 2019; Raymond, Matthews and Horton, 
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2020; Xu and Yang, 2020). After the emissions inventory has been estimated, the 

damage estimates can be used to calculate the total externality and add this to the 

financial expenses.  

Despite the debate on its quantification, there is a consensus that both GHG and air 

pollution are negative externalities which need to be addressed through policy (Tol, 

2018; Keen, 2021). Arguably one of the most famous studies addressing the issue of 

carbon externalities was the Stern et al., (2006) review. A low discount rate which 

resulted in higher estimates of social cost of carbon opened considerable debate in 

this area.  

With structural differences and a range of assumptions about climate sensitivities 

being used in the modelling, there is significant uncertainty with cost of carbon 

estimates (Pindyck, 2013; Electric Power Research Institute, 2014). It is argued in 

this thesis that the cost of carbon is treated as a cost of carbon equivalent which 

means that to acquire the cost of other GHGs the cost is multiplied with the 100-year 

global warming potential values. This is a practice adopted in UNFCCC, (2014). 

Some evidence in the literature points to the sensitivity of the cost of carbon to 

different economic growth scenarios. Under pathways which assume low growth for 

the world economy, cost of carbon estimates tend to be substantially higher as 

relatively speaking the adaptation and mitigation costs are higher relative to the 

world economy (Hope and Hope, 2013; Ricke et al., 2018; Yang et al., 2018). This 

has implications for the Arctic shipping scenarios since some socio-economic 

scenarios are characterised by low economic growth. Furthermore, it has become 

established that the effects of climate change are non-linear so the cost of carbon 

changes depending on time and level of emissions (Burke, Hsiang and Miguel, 

2015). The species considered in this thesis are categorised as an air pollutant or a 

greenhouse gas according to the principal effect they have on the environment.  

For this thesis, three methods were considered for sourcing the cost of carbon, 

adopting an inductive approach, extracting a value from literature review and using 

model outputs. These same choices also apply to air pollutants. Given their primary 

effect on human health, air pollutants can be treated as exclusively dependent on 

geography rather than on socioeconomics or level of global warming. The first 

approach would entail developing a new value of the cost of carbon that is specific to 
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Arctic shipping using an assessment of the literature and climatic effects of Arctic 

shipping. This can be achieved through expanding on some of the publicly available 

marginal cost of carbon models. Three well known publicly available integrated 

assessment models (IAMs) are established in the literature and are commonly used 

to estimate the cost of carbon. The dynamic integrated climate economy (DICE) 

model, policy analysis greenhouse effect (PAGE) and framework for uncertainty, 

negotiation and distribution (FUND) models are well known and are consistently 

updated by their developers (Hope, 2011a; Nordhaus, 2017; Tol, 2019). Other 

damage models have also emerged such as in Burke, Hsiang and Miguel, (2015) 

which predicts substantially higher costs from climate change than previous 

estimates. These models could be used and expanded upon to include Arctic 

damages, and this has already been achieved with the PAGE model. The PAGE 

model can now estimate the costs of Arctic permafrost thaw and surface albedo 

effects (Yumashev et al., 2019). Nonetheless, this would not be the most accurate 

method and would be the least reliable technique of the three. This is because it 

would entail producing a novel estimate that would require validation to be credible. 

It would also need to be peer reviewed and benchmarked against the literature to 

ensure its reliability. The main advantage of this approach would be the novelty of 

the estimate, this would bring new insights to the literature and potentially facilitate 

further study on Arctic specific environmental damages.  

The second approach would be to adopt values published in journal articles, as this 

guarantees the reliability of the estimate. These values can be obtained from a 

variety of sources (Ricke et al., 2018; Zhu et al., 2018; Tol, 2019; Wang et al., 2019). 

This would be the least accurate method but most reliable. It is less accurate than 

adopting an inductive approach because the values would have a general scope and 

not be specific to the Arctic environment or shipping industry. The estimates are 

typically in the lower bound (<US $100 tonne-1) which is a disadvantage because it 

does not accurately reflect the scale of the damages caused by climate change 

(Nordhaus, 2014, 2017; Ricke et al., 2018; Tol, 2019; Wang et al., 2019; Yumashev 

et al., 2019; Keen, 2021). However, it would be the most reliable. Method as the 

estimates would come from multiple peer reviewed articles. 
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The third method would entail using extreme values produced by the UCL TIMES 

Integrated Assessment Model (TIAM). This model is a macroeconomic optimisation 

model of the global energy system (Pye et al., 2020). It has been used in the past to 

estimate carbon prices that are bespoke to the shipping industry based on different 

scenarios (Department for Transport, 2019; Wilson et al., 2019).The principal benefit 

is that this value can represent the cost of carbon in addition the carbon price. By 

using a carbon price model instead of a cost of carbon model, the value can include 

nuances such as being used as a levy rather than a carbon tax (Walsh et al., 2017; 

Wilson et al., 2019). These values would be the most accurate for this investigation 

and second most reliable. It is the most accurate because UCL TIAM’s estimates are 

bespoke to the industry. It is less reliable than literature review figures because the 

estimates would not come from multiple peer reviewed sources. However it is more 

reliable than an inductive estimate because the model would have had time to be 

used consistently in numerous projects and publications (Raucci, 2017). 
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Table 4-1. A list of the potential advantages and disadvantages of the methods that 

could be used to estimate the carbon externalities for this thesis. 

Method Advantage Disadvantage Accuracy Reliability 

Inductive Use a publicly 

available damage 

model. 

Time consuming. 

2nd 3rd 

 Aligns with the SSP 

and RCP scenarios. 

Would require 

validation and 

verification. 

 Can consider Arctic 

permafrost and 

surface albedo effects. 

Would need to be 

peer reviewed to 

ensure reliability. 

Literature 

values 

Peer reviewed, so 

estimates are reliable. 

In the lower bound 

(typically < US $100 

tonne-1) 

3rd 1st 

 Least time consuming. Low sample size for 

future estimates on 

the cost of carbon 

 Can be specific to 

SSP and RCP 

scenarios.  

Scope is restricted 

by the article and 

any meta-analysis 

would provide a 

general estimate  

UCL TIAM Provides a range of 

estimates based on 

scenarios. 

Does not align with 

the SSP – RCP 

framework.  

1st 2nd 

 Can be specific to the 

shipping industry. 

Does not have 

values for 2020.  

 Can make future 

projections. 

Carbon price is not 

a carbon cost.  

 Can account for levy-

based mechanisms. 
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Table 4-1 summarises the earlier discussion on the advantages and disadvantages 

on each method. As air pollutants are assumed to be exclusively dependent on 

geography rather than socio-economic and warming narratives, they are not 

discussed in the table. The proposed method for this thesis is adopting one literature 

value for the year 2020 and values from UCL TIAM for 2035 and 2050. The UCL 

TIAM values would come from estimates used in a decarbonisation study for the UK 

government (Department for Transport, 2019; Wilson et al., 2019). The carbon price 

value would be set by the IMO which has a global mandate for governing shipping. 

By taking the carbon price from the greenest scenario, it can be assumed that the 

carbon price completely addresses the cost of carbon equivalent. Therefore, this 

estimate would also represent a shadow cost of carbon for scenarios when no 

carbon price is assumed. Despite being the most novel method, an inductive 

approach would require a thorough analysis on the state of the art which would 

require more resources than what is available for this investigation. The literature 

values have already been through such a process and being published is indicative 

of their reliability, however it is difficult to find values that align with the scope of this 

research. Therefore, UCL TIAM is also selected because the model has a global 

scope and can produce industry specific estimates. Given that it cannot produce 

estimates for the year 2020, values from the literature are used for this year as they 

are most reliable.    

Carbon dioxide, methane and nitrous oxide are greenhouse gases as defined by the 

Kyoto protocol. Based on their principal effects which are outlined in Chapter 2, SOx, 

NOx and PM are categorised as air pollutants. This thesis treats black carbon as a 

GHG, despite black carbon being a subset of PM because its principal effect is to 

accelerate global warming through albedo effects. Kyoto gases mix well into the 

atmosphere, hence they are defined as well mixed gases (WMGs) and what this 

means in practice is that their effects do not depend on the geographic source of 

emissions (Boucher and Haywood, 2001; Myhre et al., 2013a; Gayer and Viscusi, 

2016). Black carbon has a short lifespan when emitted into the atmosphere. This 

means its effects do depend on geographic source of emissions (Fuglestvedt et al., 

2010; Myhre et al., 2013b).  

Treating black carbon as a greenhouse gas enables it to be converted into CO2eq 

and harmonised with the other species that contribute to global warming, separating 
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it from PM which is treated as an air pollutant. Reducing black carbon emissions 

leads to short term benefits in terms of decelerating global warming and less 

damages to human health (Shindell et al., 2012). It has been treated as a 

greenhouse gas in various studies of Arctic shipping (Lindstad, Bright and 

Strømman, 2016; Zhu et al., 2018; Wang et al., 2020).  

 

Table 4-2. One-hundred-year global warming potentials (GWP100) for the considered 

GHGs, they are inclusive of carbon capture feedbacks. 

CO2 CH4 N2O Black carbon Source 

1 34 298 1700 – Arctic 

345 – Suez 

(Myhre et al., 

2013a; 

Lindstad, 

Bright and 

Strømman, 

2016) 

 

Table 4-2 lists the values used to convert all considered greenhouse gases into their 

carbon dioxide equivalent tonnes. The one hundred year values are used because 

this horizon is the standard horizon used in the literature (Tanaka et al., 2021). In this 

model, multiplying the GWP100 with the cost of carbon in dollars per tonne yields the 

cost of the non-CO2 greenhouse gas in question. This is an application of the carbon 

dioxide equivalency (CO2eq) concept as non – CO2 gases are converted into CO2 

equivalent tonnes and then multiplied with the cost of carbon. For example, a ship 

that operates with a 2-stroke engine emits 0.00006 tonnes of methane and 0.00016 

tonnes of nitrous oxide when one tonne of LSHFO consumed. Multiplying them with 

their respective GWP100 values leads to 0.00204 tonnes of CO2eq emissions for 

methane and 0.0477 tonnes of CO2eq emissions for nitrous oxide. Using the carbon 

dioxide equivalency concept enables the model to have significant flexibility in terms 

of simultaneously modelling the effects of market-based measures and accounting 

for damages. The black carbon values fall within the uncertainty range 120 to 1800 
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produced by Bond et al., (2013). The 1700 Arctic value is almost double the 900 

figure produced by the article, although the Suez value is less than half.  

There are also secondary effects from NOx emissions which are not considered in 

this thesis which mean that the estimates used here are an underestimate. Nitrogen 

oxides emissions could lead to the formation of ozone which has harmful effects on 

human health and is also a greenhouse gas (Granier et al., 2006; Fuglestvedt et al., 

2010). The nitrogen oxide cost here does consider ozone formation to a limited 

extent but only in terms of its impact on human health. Therefore the cost not 

consider the full impacts on the Arctic ecosystem (Korzhenevych et al., 2014). 

However, the source used here has values which are equivalent to the Arctic and 

Suez Canal Route regions and the source has been used in the Arctic shipping 

literature (Zhu et al., 2018; Wang et al., 2020). Therefore, reliability and geographic 

scope were deemed more important than including the full scope of secondary 

effects in air pollutant species. Including these effects may change the damages 

significantly and would be an area worth pursuing in further research. 

Exhaust gas treatment could be used to reduce some of the emissions from ships. 

These technologies would reduce the emission factors for air pollutant species, such 

as SOx and PM (Zannis et al., 2022). However, these technologies are not 

considered in this thesis as the consensus is that alternative fuels and associated 

technologies are needed to decarbonise shipping (Raucci, 2017; Gilbert et al., 2018; 

Lloyd’s Register and UMAS, 2020; Englert et al., 2021a). 
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Table 4-3. Suez damage costs, two columns for each emission species represents operational damage costs and upstream 

damage costs. This is denoted by ‘Op’ or ‘Up’ respectively. All costs are in US $2020 tonne-1. 

Year CO2 CH4 N2O SOx NOx PM Black carbon 

 Op Up Op Up Op Up Op Up Op Up Op Up Op Up 

2020 100 100 3,400 3,400 29,800 29,800 9,640 9,640 2,660 2,660 26,600 26,600 34,500 34,500 

2035 425 425 14,500 14,500 127,000 127,000 13,000 13,000 3,580 3,580 35,800 35,800 147,000 147,000 

2050 582 582 19,800 19,800 173,000 173,000 17,500 17,500 4,820 4,820 48,200 48,200 201,000 201,000 

 

Table 4-4. Arctic damage costs, the upstream damage costs adopt the same values as the Suez costs. This is denoted by ‘Op’ and 

‘Up’ respectively. All costs are in US $2020 tonne-1. 

Year CO2 CH4 N2O SOx NOx PM Black carbon 

 Op Up Op Up Op Up Op Up Op Up Op Up Op Up 

2020 100 100 3,400 3,400 29,800 29,800 4,170 9,640 3,240 2,660 7,980 26,600 170,000 34,500 

2035 425 425 14,500 14,500 127,000 127,000 5,610 13,000 4,360 3,580 10,800 35,800 723,000 147,000 

2050 582 582 19,800 19,800 173,000 173,000 7,560 17,500 5,860 4,820 14,500 48,200 989,000 201,000 
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Table 4-3 and Table 4-4 outline the damage costs for each species based on the 

geographic source of emissions. Operational emission damages are damages 

associated with fuel consumption at sea. Upstream emission damages are costs 

associated with emissions in the production, transportation and dissemination of the 

fuel consumed by the vessel. The principal greenhouse gases do not change in 

value with location, because the gases are well mixed. Air pollutants do vary with 

location however. For all air pollutant species, the damages are less in the Arctic 

than they are for the Suez except for NOx. This may be due to EU GDP Per capita 

figures being used in the derivation of nitrogen oxide costs. Northern European GDP 

per capita is higher than Southern European values (World Bank Group, 2021). 

Lower population densities and economic development in the Arctic region contribute 

to the higher damage costs observed for the other species relative to the Suez Canal 

Route. Whilst population densities may change and affect the air pollution damage 

costs, changes in population densities are not considered in this thesis. This is 

because this undertaking would require extensive research to undertake and does 

not fall within the aims and scope of this project. The effects of emitting black carbon 

are significantly higher in the Arctic than it is for the Suez due to the albedo effect. It 

is assumed that upstream emission damages are equal to what they would be for the 

Suez, hence there is a disparity between Arctic operational and upstream emission 

damages.  

A US $100 tonne-1 cost of carbon is assumed for 2020 which is also a value used in 

the Arctic shipping literature (Cariou and Faury, 2015; Zhu et al., 2018). A meta-

analysis on 58 studies that estimate the cost of carbon found a median value of US 

$113 tonne-1 (Wang et al., 2019). This suggests that the US $100 tonne-1 estimate is 

a reliable estimate for this year. Carbon costs for 2035 and 2050 were estimated by 

the UCL TIAM model and used in the study Wilson et al., (2019) to inform the UK 

government on its net zero policy ambition for domestic shipping (Department for 

Transport, 2019). The highest carbon price from the model is assumed to represent 

the cost of carbon for the years 2035 and 2050. This is because in cases where no 

carbon tax is assumed, the carbon price would represent a shadow cost. It is also 

assumed that the carbon price would serve as a levy rather than a tax. A levy means 

that the proceeds generated from the measure are used to directly subsidise greener 

maritime technologies, whereas a tax does not. This is assumed because the carbon 
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price from UCL TIAM also assumes this. The cost of carbon for all years is then 

multiplied by the GWP100 values from Table 4-2 to obtain the cost of non-CO2 

greenhouse gases. Carbon costs increase with time because global warming and 

stresses on ecosystems and society accumulate with time. How variations of the 

cost of carbon affect Arctic shipping feasibility are explored in Chapter 8 when 

addressing both the second and third research question.  

Considerable variation exists between all the estimates for each species, and this is 

due to the large variation in methods and debate over climate transient response to 

GHG emissions (Electric Power Research Institute, 2014). Variation also exists for 

the externalities associated with air pollutants and this is due to the geographic 

source of emissions, methods and discount rate used. For SOx, NOx and PM the 

highest costs come from Shindell, (2015a) where large amounts of damage is 

attached to the adverse effects that air pollutants have on human health. As the air 

pollutant damages come in €2010 and the carbon price in US $2015, they are converted 

into US $2020 to ensure consistency with the other financial metrics. This thesis does 

not aim to compute the net present value of policy benefits, but to produce insights 

into what can be expected from considered years, therefore they are not discounted. 

This is because the discount rate will not affect the proportions of each cost relative 

to each other. What matters is how the unit costs of the considered variables grow 

relative to each other and consistency between the carbon price, fuel prices and air 

pollutant externalities.  
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Table 4-5. Selected damage costs compared with values observed in the literature. The letter A denotes the damage cost for the 

Arctic and the letter S denotes the damage cost for the Suez Canal Route.  

Species Range ($/t) Source Selected cost (US $2020/t) 

   2020 2035 2050 

CO2 0 to 8752 
(Hope, 2011b; Nordhaus, 2017; Ricke et al., 2018; Tol, 2018; 

Wang et al., 2019) 
100 425 582 

CH4 370 to 6000 (Marten and Newbold, 2012; Shindell, 2015a) 3,400 14,500 19,800 

N2O 
3500 to 

210,000 
(Marten and Newbold, 2012; Shindell, 2015a) 29,800 127,000 173,000 

SOx 269 to 64,997 

(Korzhenevych et al., 2014; Song, 2014; Shindell, 2015a; Zhu et 

al., 2018; European Commission et al., 2020; Wang et al., 2020; 

Department for Environment, Food and Rural Affairs, 2021) 

4,170 – A 

9,640 - S 

5,600 – A 

13,000 – S 

7,560 – A 

17,500 – S 

NOx 309 to 69,000 

(Korzhenevych et al., 2014; Song, 2014; Shindell, 2015a; Zhu et 

al., 2018; European Commission et al., 2020; Wang et al., 2020; 

Department for Environment, Food and Rural Affairs, 2021) 

3,240 – A 

2,660 – S 

4,360 – A 

3,580 – S 

5,860 – A 

4,820 – S 

PM2.5 

5,484 to 

554,229 

(Korzhenevych et al., 2014; Song, 2014; Shindell, 2015a; Zhu et 

al., 2018; European Commission et al., 2020; Wang et al., 2020; 

Department for Environment, Food and Rural Affairs, 2021) 

7,980 – A 

26,600 – S 

10,700 – A 

35,800 – S 

14,500 – A 

48,200 – S 

Black 

carbon 

30,000 to 

280,000 
(Shindell, 2015a; Wang et al., 2020) 

170,000 – A 

34,500 – S 

723,000– A 

147,000 – S 

989,000– A 

201,000 – S 
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Table 4-5 shows how the estimated damage costs compare with values estimated in 

the literature. The literature values tend to reflect the cost of emitting a tonne of CO2 

in the present day rather than in future. Therefore, the methane values exceed the 

range quoted by the literature. This is because the marginal cost of emitting a tonne 

of a greenhouse gas increases with time due to the damages caused by global 

warming increasing with time (Yumashev et al., 2019; Xu et al., 2020). The non-CO2 

greenhouse gas costs were estimated using the carbon dioxide equivalency 

approach. This means the carbon damage cost for each year was multiplied with the 

GWP100 values from Table 4-2. The air pollutant values come from Korzhenevych et 

al., (2014). 

For air pollutants, the cost is derived from literature sources where the values 

primarily come from the effects that the species have on human health. Base costs 

are derived from the environmental cost handbook from Korzhenevych et al., (2014) 

the reason this handbook was selected over more recent ones is due to costs being 

estimated for the ‘remaining North East Atlantic’ – geographically tantamount to the 

Arctic region. Moreover, the values quoted in that handbook have been used in 

recent studies on Arctic shipping which indicates they are reliable under an Arctic 

shipping context (Zhu et al., 2018; Wang et al., 2020). Base costs extracted from the 

handbook, come in Euros discounted to 2010 and they were converted into US $2020 

to maintain consistency with the other costs. The costs were then uplifted to the 

years 2020, 2035 and 2050, by 2% per year to reflect increases in willingness to pay. 

The 2% value comes from increases in real GDP per capita, and this is based on the 

idea that with increases in development the population is more likely to pay for 

healthy outcomes as opposed to inflating the currency value. This application was 

adopted from the UK DEFRA guidelines (Department for Environment, Food and 

Rural Affairs, 2021). How this ties in with the rest of the model is discussed in 

Chapter 5.   
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4.5. Research Question 2 Method – Scenario Based 

Analysis 
 

Research question 2 expands upon the results from the first research question by 

using scenarios. The structure of the second research question involves varying the 

input conditions to be representative of the different socio-economic pathways. 

Varying the conditions behind each scenario and observing the results from the 

model will highlight the type of outcome that can be expected under different 

economic and environmental situations (Raucci, 2017).  

In the literature, only a limited number of articles apply scenario based analysis and 

it usually relates to using one-at a time sampling of a variable such as ice thickness, 

fuel price or the navigable period to observe the changes to ship performance and 

route competitiveness. Earlier literature focused on the influence of navigable period 

and sea ice on competitiveness and this evolved towards the influence of fuel price 

on competitiveness (Liu and Kronbak, 2010; Omre, 2012; Faury and Cariou, 2016; 

Hansen et al., 2016; Theocharis et al., 2019). Climate change scenarios have 

recently been used in macroeconomic analyses to gauge the range of different but 

possible sea ice extents (Bensassi et al., 2016; Yumashev et al., 2017). An 

advancement from presumptions about ice conditions, these scenarios link projected 

sea ice metrics produced by sophisticated models to Arctic shipping feasibility 

analysis (Martin et al., 2011; Horowitz et al., 2018; Hajima et al., 2020).  

The policy scenarios which are being used in an Arctic maritime context must 

capture the possible changes that take place. A popular scenario planning method is 

outlined in Schoemaker, (1995) where it is stressed that scenario planning is an 

effective means of identifying potential risks, opportunities and threats without being 

limited by the worldview of the designer. An extensive methodology on scenario 

development has emerged as their usage grows in popularity (Bradfield et al., 2005). 

However, it is argued in Amer, Daim and Jetter, (2013) that the identification of key 

drivers and uncertainties are integral to any scenario development method. With 

respect to this thesis, the purpose of using scenarios is to forecast the different 

possible outcomes of Arctic shipping economic feasibility.  
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Recent assessments on scenario planning methodology have been critical of the 

theoretical framing behind it, with its methodology even being characterised as 

‘chaotic’ (Augier et al., 2018; Spaniol and Rowland, 2018; Phadnis and Darkow, 

2021). A review by Spaniol and Rowland, (2018) claims that theoretical frameworks 

range from behavioural theory of the firm to Zen philosophy. This lack of theoretical 

clarity in scenario planning creates a paradox where attempts to address it increase 

the variety of theories but also the clutter. Whether the effectiveness of scenario 

planning justifies its popularity in industry is also questioned, due to caution over the 

impact internal decision making or behaviours (Augier et al., 2018). Nonetheless, it is 

an avenue that is continuously being addressed (Phadnis and Darkow, 2021). 

Scenario planning still has practical uses, which explains why it is still used by large 

stakeholders in industry (Shell, 2008). It is noted in Augier et al., (2018) that whilst 

question marks remain over the efficacy of scenario planning, it also has long term 

benefits and its usage depends on the context of the uncertainty faced by an 

organisation. Furthermore, the criticism is limited to an organisational or corporate 

context where the purpose is different to the one outlined in this thesis (Schoemaker, 

1995). Within the climate science and integrated assessment model (IAM) 

community, forecasting is presumed to be the primary aim and scenario-based 

analysis is the principal method used in accounting for uncertainty (van Vuuren et al., 

2011, 2014; Smith and Stephenson, 2013; Smith et al., 2014; Melia et al., 2017; 

Huppmann et al., 2018; Gidden et al., 2019; Faber et al., 2020). Integrated 

assessment models are models that link economy, society and climate science 

together under one modelling framework (Halim, Smith and Englert, 2019). Given the 

purpose of these models, it is presumed that the overlap between the methods and 

scenarios helps to improve transparency and communicability of the results since 

they are used by a wide audience. For that reason, it is argued that scenario based 

analysis remains an effective means of addressing the uncertainties associated with 

Arctic shipping. One of the most widely used scenario frameworks in environmental 

and energy based modelling is the shared-socioeconomic pathway (SSP) and 

representative concentration pathway (RCP) framework (IPCC, 2013, 2021; O’Neill 

et al., 2014).  

Shared socio-economic pathways are defined as reference trajectories which 

represent future societal choices (O’Neill et al., 2014). The SSPs were developed to 
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assist researchers in identifying the challenges and uncertainties towards climate 

change which are specific to their field (Trutnevyte et al., 2016; Bauer et al., 2017). 

The SSP framework is operational in IAM and climate science communities (Bauer 

et al., 2017; Faber et al., 2020). For Arctic shipping, the different pathways can be 

used to evaluate the effect of different policy scenarios on Arctic shipping economic 

feasibility and shed light on what the different possibilities entail. Representative 

concentration pathways are greenhouse gas concentration trajectories (Moss, 

Nakicenovic and O’Neill, 2008). They were adopted by the inter-governmental panel 

on climate change (IPCC) fifth Assessment Report (IPCC, 2013).  

There are alternatives to the SSP and RCP frameworks which could be used, 

namely using RCP pathways, special report emission scenarios, or adopting an 

inductive approach (IPCC, 2000, 2014). The RCP and special report emission 

scenarios frameworks are out of date due to the harmonisation of the SSP and RCP 

narratives which have been adopted by the same institutions that produced the 

former two (IPCC, 2021). Taking an inductive approach would require substantial 

resources with little benefit, as the SSP and RCP narratives are widely established in 

the literature and have already been used to produce Arctic ice projections (Gidden 

et al., 2019). This means that an inductive approach would lead to scenarios that are 

not easily accessible by the rest of the literature. Aligning the policy scenarios with 

the SSP narratives enables greater granularity and direction in the construction of 

Arctic shipping scenarios. Therefore, it is proposed to adopt the SSP and RCP 

framework for this thesis. 

 

4.5.1.  SSP and RCP Scenarios 
 

In Arctic science, SSPs are combined with RCPs to explore a variety of different 

warming pathways (Gidden et al., 2019; Notz and SIMIP Community, 2020). Given 

that the sea ice data input into the model is derived from assumptions made using 

this framework, the semantics of SSPs and climate forcing can be logically extended 

towards the development of Arctic shipping scenarios. This will maintain consistency 

with the assumptions used to produce the sea ice data and make results more 

transparent and comparable with those from future studies.   
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Table 4-6. Scenarios used for the sea ice projections. The table outlines the 

corresponding description of the development pathway. Adapted from O’Neill et al., 

(2014), Riahi et al., (2017), Krasting et al., (2018a) and Gidden et al., (2019). 

Socio-

economic 

scenario 

Description of development 

pathways 

Climate forcing scenario 

(RCP) 

SSP1 

Sustainable - focus is on 

decoupling energy demand from 

economic growth through 

prioritising environmentally 

friendly energy sources and 

lowering inequality. 

1.9/2.6 

SSP2 

Intermediate case, roughly 

consistent with nationally 

determined contributions (NDCs) 

4.5 

SSP3 

Fragmented development – 

regional fragmentation leads to 

weak governance from 

international institutions, high 

inequality and slow economic 

growth. 

7.0 

SSP5 

Fossil centric development – 

economic growth is prioritised 

and is coupled with energy 

demand which is met with fossil-

based energy sources. 

8.5 

 

The climate forcing trajectories which correspond with the socio-economic narratives 

represent the level of warming associated with those pathways, so an RCP level of 

1.9 means that an additional 1.9Wm-2 worth of solar radiation is absorbed by the 

Earth. An RCP level of 8.5 means an additional 8.5Wm-2 worth of radiation is 
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absorbed. The additional radiation describes the level of additional warming 

attributed to increases in atmospheric GHG concentrations (Moss, Nakicenovic and 

O’Neill, 2008). The input scenarios used to produce the sea ice projections were 

developed from harmonising the appropriate forcing and social development 

scenarios (Gidden et al., 2019).  

There are various possible SSP – RCP combinations and Table 4-6 only describes 

the scenarios considered by this thesis. Moreover, there is an additional narrative 

(SSP4) not included in the table which represents high levels of inequality, however 

it does not form one of the narratives used in the Arctic sea ice experimentation 

(O’Neill et al., 2014; Notz and SIMIP Community, 2020). Projections under an SSP4 

pathway are not available under the selected model’s projections (Krasting et al., 

2018a). An illustration of sea ice area decline, and emissions shows that there is 

significant variation in the possible futures of Arctic Ocean. 

 

 

Figure 4-6. Tiled layout showing the sea ice area in September during the years 

2020 to 2100, this is included with the projected emissions for each considered SSP 

and RCP combinations. Data sources: (Riahi et al., 2017; Boucher et al., 2018). 
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Except for the SSP1 cases, sea ice in September disappears from 2050 onwards 

and this is because of the global GHG emission trajectories shown on the figure to 

the right. In SSP5 GHG emissions are characterised by an aggressive increase 

driven by development and economic growth, followed by a peak and small decline. 

This is because of the assumptions behind the SSP5 narrative, where the structural 

changes in society required to mitigate climate change are not address leading to 

high climate change mitigation challenges. However, because the population is 

assumed to be educated, rich and technologically developed the capacity to adapt to 

climate change is high at the end of the 21st century. With the SSP3 case, economic 

growth is slower than it is in SSP5, so the growth of emissions is slower, but 

because international cooperation is assumed to be low due to competing nation 

states climate change mitigation does not receive a high priority relative to other 

issues such as domestic energy and food security. This leaves a large part of the 

world’s population poor and technologically undeveloped, which when combined with 

low international cooperation means that society is unable to adapt to climate 

change. This explains the slow and steady increase in emissions without any 

decline. The SSP2 trajectories are characterised by intermediate challenges to both 

mitigation and adaption towards climate change. Lastly, SSP1 cases represent the 

greenest narratives where environmental boundaries are respected and economic 

development is both inclusive and sustainable. For both outcomes emissions 

becomes negative for both 1.9 and 2.6Wm-2 forcing pathways. In an RCP 1.9 case 

negative emissions are achieved earlier than they are for an RCP 2.6 scenario, this 

is because RCP 1.9 corresponds with 1.5 degree warming and RCP 2.6 with 2 

degree warming – hence the slightly more aggressive mitigation measures (Riahi et 

al., 2017).  

The effect this has on the sea ice is shown to the left, where under all scenarios the 

Arctic ice minima decreases to zero or almost zero. Only under an SSP1 – RCP 1.9 

outcome does the sea ice area make a resurgence towards the latter half of the 21st 

century with even a 2o C warming illustrating a substantial loss of sea ice. It is also 

observed that the decline is not linear, there is still significant inter-annual variation of 

the Arctic ice minima projections. For instance, in SSP1 – RCP 1.9 the minima in 
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approximately 2045 is considerably higher than it is 2050 but the overall trend is 

indicative of sea ice decline.  

 

4.5.2.  Scenario Drafting Method 
 

Literature on environmental and energy based scenarios also focus on the theory of 

scenario drafting and three articles arrive at similar conclusions – a combined 

qualitative/quantitative approach improves the robustness of the analysis concerned 

(Wilkinson and Eidinow, 2008; Amer, Daim and Jetter, 2013; Fortes et al., 2015). 

This approach is already practiced, as is evidenced by the development of qualitative 

SSP narratives which translate into quantitative inputs for models (Rogelj et al., 

2018).  

With the narrative and framework established, a review of the scenario drafting 

process can also take place. For drafting the scenarios, when considering the 

appropriate methods listed in Amer, Daim and Jetter, (2013) morphological analysis 

was selected. Alternative methods such as cross impact analysis or a four – 

quadrant approach did not tie in with the available resources and practicalities of this 

investigation. Cross impact analysis is a rigorous but time-consuming method which 

involves mapping identified trends against each then scoring the trend according to 

how likely they are to occur (Schoemaker, 1995). This contrasts with the four-

quadrant approach which maps out variables according to how certain and important 

they are, a more minimal approach. These approaches do not align with the SSP 

and RCP literature, since narratives that are derived from these narratives use 

shared policy assumptions (O’Neill et al., 2014; Rao et al., 2017a). These shared 

policy assumptions link climate forcing to socio-economic futures, it considers 

constraints and differences between various parameters and provides a means 

through distinguishing between different pathways (Kebede et al., 2018). Under 

certain narratives certain policies may be more stringent relative to others and this 

helps to add clarity to the scenarios that are derived from the narratives (Kriegler et 

al., 2014).  

Morphological analysis entails aggregating non quantifiable drivers into different 

combinations under a transparent and structured approach (Johansen, 2018). This 
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approach is judged to be more appropriate to this research because the shared 

policy assumptions from the narratives can be used in a morphological method to 

generate Arctic shipping scenarios. For instance, attitudes towards greenhouse 

gases and air pollutants can be merged with the geographic scope of a policy 

measure. These factors can be amalgamated to construct the different cases that 

are consistent with the SSP narratives. It is unlikely to envisage carbon price 

measures being implemented under a scenario of high mitigation challenges and low 

international co-operation, for example.  

Critical trends in Arctic shipping that are relevant to this research are identified and 

linked to the scenarios used to produce sea ice projections. This approach is justified 

through using the conclusions from the scenario planning literature whilst ensuring 

that the drafted scenarios remain reliable. An identification of trends ascertains 

where future developments may lie and what may be influential in determining 

possible futures. 

 

4.5.3.  Key Trends for Arctic Shipping 
 

Identified trends can be used to define how different possible futures may emerge 

within the SSP – RCP framework. Firstly, the scenarios must serve as an effective 

means of capturing the uncertainties associated with Arctic shipping and this can be 

achieved through encapsulating the possible extremes. Capturing the variability 

helps to describe the range of possible outputs in addition to the effects of 

uncertainties concerning global warming trajectories and errors within the model. 

Lastly, the drafted scenarios must combine qualitative and quantitative elements. 

This will be intrinsic when defining the scenarios according to the proposed method, 

as the SSP narratives have already been defined using qualitative means and 

combining this with identified trends can help with deductions on the conditions that 

certain policy measures may be applicable under.  

What is defined as a key trend in the context of scenario planning depends on the 

scope and purpose of the planning. Even when the scope is limited to the 

commercial feasibility of Arctic shipping there are various factors which can be 

considered influential and a literature search is used to identify them. This is followed 
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by an examination of the model architecture to identify and list the parameters that 

are both salient to the model and representative of the identified drivers. The 

examination is done in Chapter 7. This approach assists with defining a scope and 

boundary around a set of parameters which can then be used in the construction of 

the Arctic shipping scenarios (Schoemaker, 1995; Shell, 2008; Amer, Daim and 

Jetter, 2013). 

This approach is a basic adaptation of the approach adopted from Meinert, (2014) 

where it is argued that drivers could be categorised according to their impact and 

variation with time. Categorising drivers with this approach directs the practitioner 

towards sources of uncertainty, which can then be used to characterise future 

possibilities (Schoemaker, 1995; Meinert, 2014; Fortes et al., 2015). This principle of 

identifying sources of uncertainty and using it to characterise future Arctic shipping 

scenarios is deployed in this thesis, but because reliable climate-based scenarios 

have been used to produce Arctic ice projections, a pragmatic approach is taken 

(van Vuuren et al., 2014; Horowitz et al., 2018; Gidden et al., 2019; IPCC, 2021). 

What this means, is that the scenario development undertaken here must also align 

with factors that are extrinsic to the proposed model. These criteria are:  

1. Must align with the model architecture. 

2. Drivers must be transient with time. 

3. Remain salient to the Arctic ice projection scenarios. 

Given the model architecture was constructed using principles from microeconomics, 

climate science, marine engineering and policy the scenarios must align with the 

model structure. This is due to these theoretical concepts already being established. 

This thesis does not aim to build upon or challenge these theories, it aims to test 

them and use them in guiding the assessment of the economic feasibility of Arctic 

shipping. Secondly, if drivers do not vary with time then they cannot be uncertain. 

Whilst almost all parameters can expect to vary with time in practice, whether they 

remain fixed or not is determined by the model structure. For example, loan interest 

rates may fluctuate with London Inter Bank Offered Rate but these fluctuations are 

not considered by the architecture (Newburg, 1978). Conversely, Arctic ice extent 

does vary. An assessment and justification of whether a parameter’s value changes 

with time is given later in Chapter 7 after the model architecture is discussed. What 
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determines whether a parameter is relevant to the narratives are the shared policy 

assumptions used in the SSP – RCP pathways. 

 

4.5.3.1. Arctic Ice Decline  
 

The decline in Arctic ice extent leads to an increase in accessibility along the Arctic 

routes. The decline has been observed since satellite based observations on Arctic 

sea ice extent begun and historical observations have outpaced model projections 

(Stroeve et al., 2007).  

 

Figure 4-7. Declining sea ice extent from 1979-2021. Each line represents the 

observed ice extent for each month of a calendar year. Each colour represents a 

calendar year within the given period. The ‘Charctic’ graph is reproduced from the 

following dataset Fetterer et al., (2017b). 
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The 5th assessment report from the IPCC concluded that this downward trend is set 

to continue and there is some evidence from the latest set of sea ice projections that 

the Arctic ocean will become essentially ice free before 2050 under all scenarios 

(IPCC, 2013; Notz and SIMIP Community, 2020). The navigable period is predicted 

to increase because of the retreat and the ice that regenerates during the winter will 

be younger and significantly thinner (Melia et al., 2017; Melia, Haines and Hawkins, 

2017; Tschudi, Meier and Stewart, 2020).  

Results from Perovich et al., (2020) and Tschudi, Meier and Stewart, (2020) show 

that sea ice has been getting thinner since 1985, it also shows that the geographic 

distribution of thin ice is primarily located on the east side of the Greenwich Meridian. 

The consequence this has is that ships with lighter or no ice strengthening may find it 

easier to access Arctic routes along the eastern half of the Arctic Ocean.  

 

4.5.3.2. Increasing Momentum of Policy and Alternative 

Fuel Interest 
 

The key document concerning air pollution from ships is MARPOL Annex VI which 

was conceived in 2005 and amended multiple times in recent years. The introduction 

of Annex VI was followed by the development of regional emission control areas and 

with the 2020 Sulphur cap (Čampara, Hasanspahić and Vujičić, 2018). There is an 

evident trend of environmental legislation gaining momentum, three measures have 

come into force over the last four years alone. One example is the adoption of 

regional emission control areas (ECAs).  
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Figure 4-8. Timeline of MARPOL Annex VI measures and the year of entry into 

force. Three measures have been announced between 2018 and 2020 alone, 

indicating the increasing momentum in favour of environmental legislation.  

 

Air pollution issues have been historically treated as distinct from climate change 

issues and it is done so here. Air pollution and greenhouse gas measures could be 

implemented through amendments to MARPOL Annex VI and the greenhouse gas 

strategy respectively (IMO, 2018a, 2019b). The target stipulated in the greenhouse 

gas reduction strategy is not compatible with the 1.5 degree target (Bullock et al., 

2020). Long periods of inaction relative to 2020 will mean that a more intense 

transition to greener fuels is needed because of a fixed carbon budget. What all the 

pathways have in common is that they must reach net zero emissions by at least the 

mid-century. In terms of attitudes to air pollution it is likely that they will be addressed 

coincidentally with greenhouse gas emissions (Rao et al., 2017b). With sea ice 

decline, and increasing regulatory momentum being identified as current trends, the 

SSP narratives tie in neatly with being able to deduce specific Arctic shipping 

scenarios. Using these narratives it becomes possible to draft a set of Arctic shipping 

scenarios. 
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4.6. Research Question 3 Method – Standardised 

Regression/Correlation Coefficients 
  

Sensitivity analysis is primarily used to assess relative importance of variables within 

a modelled system that contains large amount of uncertainties (Saltelli et al., 2007; 

Song et al., 2013). In the context of the Arctic and policy-assessment, there is a 

complex interplay between the economic attractiveness of new Arctic routes and the 

environmental impacts shipping will have on the region.  

Calls to integrate the economic and environmental sciences have risen in the 

literature to better address the uncertainties in this field (Kiureghian and Ditlevsen, 

2009; Ng et al., 2018; Theocharis et al., 2018). With respect to policy assessment, it 

is likely that unregulated shipping activity will lead to large environmental costs due 

to shipping exhaust emissions and it is difficult to assess what the optimal policy 

portfolio should be (Notz and Stroeve, 2016; Schröder, Reimer and Jochmann, 2017; 

Yumashev et al., 2017). Sensitivity analysis provides a means through which the 

modeller can verify and identify critical regions, which hopefully assist the 

policymaking process (Saltelli et al., 2007). 

There are multiple techniques which can be used to conduct sensitivity analysis, with 

the simplest being the one at a time method. Other more sophisticated methods can 

also be deployed, but these require a lot of computing time. Important factors to 

consider when selecting the optimal sensitivity analysis technique are (Saltelli et al., 

2007): 

1. Computational cost of running the model 

2. Number of input factors 

3. Features of the model 

4. Consideration of interactions among the input parameters 

5. The setting for the analysis and its audience  

The most computational expensive techniques are metamodeling and variance-

based methods (Saltelli et al., 2007). The model in this case will contain a large array 

of input factors because the model is deduced from theoretical principles. A 
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consequence of building the model using theoretical principles instead of statistical 

data is that many parameters will be needed to accurately capture behaviours and 

results within the modelled system. This can lead to a large computational cost for 

running a sensitivity investigation (Saltelli et al., 2007). Since the proposed model 

architecture is principally derived from microeconomic laws, it is anticipated that 

there will be a large degree of linearity within the model, because the equations that 

will be used in the modelling will likely be linear.  

The sensitivity analysis community acknowledges that one at a time methods are 

versatile and widely practiced but criticises the method’s ability to explore the whole 

input parameter space (Campolongo, Saltelli and Cariboni, 2011; Pianosi et al., 

2016). Consequently, it is proposed that the sensitivity analysis in this thesis be 

global. Global sensitivity analysis methods must be selected with consideration given 

to the model architecture and constraints on the input values. The most important 

factor to consider is the number of model runs, given the computational burden 

(Razavi et al., 2021).  

Methods such as Sobol’s variance decomposition method provide a set of indices 

which measure the output’s first order response to changes in input and the total 

response. This accounts for interactions between input parameters. Variance based 

analysis is considered the benchmark of global sensitivity analysis and ideally 

Sobol’s method would be proposed to quantify the sensitivities of the variables 

(Saltelli et al., 2010; Sarrazin, Pianosi and Wagener, 2016; Groen et al., 2017). 

However this method is not possible to use with computationally complex models 

(Pianosi et al., 2016). To understand if this method was applicable the model was set 

to run as many times as it took to achieve a sample size sufficient to apply Sobol’s 

method. The publicly available ‘sensitivity analysis for everybody’ (SAFE) global 

sensitivity analysis toolbox was used to run the model on loop for what was 

tantamount to an indefinite length of time (Pianosi, Sarrazin and Wagener, 2015). 
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Figure 4-9. Time profile for a variance-based analysis experiment with the proposed 

model. This time profile was extracted from MATLAB post-model development. It 

shows that this technique is not applicable for this project.  

Figure 4-9 shows that the model is too complex for Sobol’s method to be applicable. 

The model took 4 days to complete 2011 runs after which the experiment was 

ended. Given that Sobol’s method requires a large sample size approximate to 1000 

times the number of considered input variables, this technique is deemed impractical 

for this investigation (Pianosi et al., 2016). Given the techno-economic model’s 

dependence on a large number of parameters, a model built using another 

framework and technique may produce faster results.    
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The subroutine responsible for the large computational expense is the ‘Added ice 

resistance’ subroutine, the module that calculates the additional ice resistance 

encountered by the vessel under given ice conditions. Self time is defined as the 

time spent on the function excluding its child or nested functions. Computing the 

additional ice resistance had a self-time responsible for 74.86% of the total time 

spent on the experiment. The proportion of self-time to total time is 99.99% which 

means that the processing time is exclusively spent on computing ice resistance for 

each considered vessel design. Variance based analysis is impractical given that to 

achieve accurate results runs in the order of tens of thousands are needed to ensure 

convergence and reliability (Sarrazin, Pianosi and Wagener, 2016). Less 

computationally expensive methods must be selected without compromising the 

quality of insights.  

Other methods such as elementary effects can also be deployed, but this method is 

primarily a filtering approach rather than a method which directly compares the 

relative weights of each parameter. Coloured scatterplots can be used to illustrate 

the interactions between different parameters, but do not yield absolute returns on 

the relative weights of all the parameters (Saltelli et al., 2007; Pianosi et al., 2016).   
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Table 4-7. Considered global sensitivity analysis techniques to address the third 

research question, adapted from Satelli et al., (2004, 2007) and Pianosi et al., 

(2016). 

Method Standardised 

Regression 

Coefficients/Correlation 

Coefficients 

Scatterplots Elementary 

Effects 

Variance 

Based 

Analysis 

Computational 

cost of 

running the 

model  

100 – 1000×k 1000 r(k+1) n(k+2) 

Input factors <20 “” “” “” 

Cope with 

non-linearity 

No Yes Yes Yes 

Input sample 

source 

Distributions Distributions Levels Distributions 

Coping with 

parameter 

interactions 

No Yes Yes Yes 

Setting for 

sensitivity 

analysis 

Ranking Mapping Screening Ranking, 

Screening 

k: number of parameters. 

n: Base sample size for variance-based methods, typically n approx. 500 – 1000  

r is the number of local derivatives  

 

Table 4-7 is constructed using an adoption from a similar one found in Saltelli et al., 

(2007) and is updated to reflect considerations from Pianosi et al., (2016) and Saltelli 

et al., (2004). Computational expense refers to the total number of runs required to 

complete the analysis, the input factors the number of factors that must be 
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considered in the method rather than the maximum capacity of the method. Being 

able to cope with non-linearity refers to how the method copes with non-linear 

relationships. Input sample source refers to the origin of the values input into the 

model and the ability of the method to capture interactions between parameters. The 

setting refers to the purpose of the global sensitivity analysis experiment, whether to 

screen against uninfluential variables, map or rank them accordingly.  

The properties listed in Table 4-7 can be judged according to the purpose of the third 

hypothesis and research question. It has been demonstrated that the computational 

cost of variance-based analysis is too high and therefore the proposed method must 

have a lower cost. The number of input factors is dictated by the model architecture 

and these parameters will also be governed by physical and socio-economic 

conditions. The bottom – up microeconomic equations used to assess Arctic 

shipping feasibility are likely to be linear in nature. Due to the uncertainties, it is likely 

that the source of the sampling will be stochastic in nature and therefore dependent 

on probability distributions. There are likely to be parameter interactions, but this is 

beyond the scope of the proposed hypothesis and research question. The purpose 

of the hypothesis is to identify what factors are influential and this corresponds with a 

ranking setting.  

This leaves standardised regression coefficients/correlation coefficients being the 

proposed method for global sensitivity analysis. The drawbacks of this method are 

that it does not account for the interactions between the input factors and that it is 

exclusively compatible with linear models (Cosenza et al., 2013). Rigorously 

assessing the model architecture will aid in identifying fundamental parameters 

which are independent from each other, inferences can be made based on physical 

and economic constraints – e.g. route distance and port fees should be independent 

of each other. The method is explained algebraically, the formulae which follow are 

leveraged or adapted from Saltelli et al., (2007). Beginning with the model output.  

 

 𝑦 = 𝑓(𝑥1, 𝑥2, … 𝑥𝑘)  (4-1) 
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Eq. (4-1) shows a general description of a model’s output 𝑦 and the model 

𝑓(𝑥1, 𝑥2, … 𝑥𝑘) which contains a range of input parameters 𝑥1, 𝑥2, … 𝑥𝑘 . If the model 

was run 𝑁 number of times a column vector of all the outputs would be produced. 

 

 𝒚 = [

𝑦1

𝑦2

⋮
 𝑦𝑁

] (4-2) 

 

Eq. (4-2) outlines a model output a column vector 𝒚 which contains the outputs of the 

function from eq. (4-1) run 𝑁 number of times. The column vector 𝒚 can be 

regressed against the input values using multiple linear regression. 

 

 𝑦�̂� = 𝛽1𝑥1  + 𝛽2𝑥2 + ⋯ + 𝛽𝑘𝑥𝑘 + 𝛼  (4-3) 

 

Eq. (4-3) produces the predicted model output based on linear regression. The 

output 𝑦�̂� is the output value for observation 𝑖 predicted by the regression equation. 

The variables 𝛽1, 𝛽2… 𝛽𝑘 represent the regression coefficients up to the 𝑘th input 

parameter. The terms 𝑥1, 𝑥2 … 𝑥𝑘 are the corresponding input values up to the 𝑘th 

parameter. The term 𝛼 is the regression equation intercept. Given eq. (4-1), the 

sensitivity of the 𝑘th parameter corresponds to the change in output over the change 

in input. Standardising this sensitivity measure facilitates a direct comparison 

between the sensitivities of each input parameter 𝑥1, 𝑥2, … 𝑥𝑘. Assuming that 𝑦�̂� is an 

accurate predictor of the corresponding model output from eq. (4-1) the sensitivity of 

an input variable can be given by a standardised regression coefficient.  

 

 𝑆𝑆𝑅𝐶
𝑘  =  

𝜎𝓍𝑘

𝜎𝒚
𝛽𝑘 (4-4) 

 

Eq. (4-4) produces the standardised regression coefficient of the 𝑘th parameter 

𝑆𝑆𝑅𝐶
𝑘. It is defined to be the standard deviation of the input variable’s sample 𝜎𝓍𝑘

, 
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divided by the standard deviation of model output 𝜎𝒚 multiplied with the 

corresponding regression coefficient for that parameter 𝛽𝑘. The parameter S𝑆𝑅𝐶
𝑘 is 

also equal to the product moment correlation coefficient (Borgonovo and Plischke, 

2016). In practice it is unlikely that the regression output can predict model output 

values with 100% accuracy, but a high coefficient of determination value would 

suggest that the regression model is accurately capturing the output variance, 

although there is not a clear consensus on what the benchmark should be, a value of 

0.7 is suggested (Saltelli et al., 2004). This means the standardised regression 

coefficients can be accurate indicators of the relative influence each input parameter 

has on the output variance. Using standardised regression coefficients is an 

attractive choice to address the third research question as it is computationally 

efficient and simple to use. It enables a direct comparison between the influences of 

each considered input parameter.  

Many coding languages come with statistical packages which easily calculate the 

regression coefficients, and in this case MATLAB’s Statistics and Machine Learning 

Toolbox is used. The wide use of this method in research means that this technique 

is established and that its outputs are communicable (Wei, Lu and Song, 2015; 

Pianosi et al., 2016; Groen et al., 2017). This could be useful for exploring what 

Arctic shipping feasibility is sensitive to. The environmental costs for the species that 

are considered in this thesis could be varied according to a range of possible values 

to explore how they propagate uncertainty in this investigation. Furthermore, it 

facilitates an understanding of which species the outcomes of this investigation may 

be sensitive to.   
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4.7. Conclusion 
 

The proposed research design, model architecture and methods can be concluded. 

An overview of how each method would work in practice is given.  

 

Figure 4-10. A summary of the proposed research framework and method used to 

address each research question in this thesis. The principal approach is to use an 

economic profit maximisation framework and a bottom-up techno-economic model. 

Using the techno-economic model, bespoke techniques can be applied to each 

research question. 

 

Figure 4-10 provides an illustration of the overarching theory and method used in this 

project. Economic profit maximisation is used to build a techno-economic model that 

could then be used to address each research question from Chapter 3.   

Economic profit 
maximisation

Research Question 1 
method

Internalisation of 
externalities 

Research Question 2 
method

Morphological 
analysis

Research Question 3 
method

Standardised 
Regression/Correlation 

coefficients

Bottom up techno-
economic model
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4.7.1. Research Question 1 
 

For the first research question, the techno-economic model could be used to 

estimate fuel consumption for different ship types and designs when transiting 

through the Arctic or Suez Canal Routes. The techno-economic model would 

estimate the ship’s commercial performance based on capital, operating and voyage 

costs. Using fuel consumption estimations, it is possible to estimate the emissions 

that a ship would produce when using either route. The greenhouse gas and air 

pollution costs outlined in Table 4-3 and Table 4-4 could be multiplied with the 

corresponding emission inventories to provide an estimate for a ship’s environmental 

costs. The environmental costs can be summed with the commercial costs to provide 

an estimate of a ship’s total cost. The total cost is unitised by dividing it by the total 

tonne voyages that the vessel completes in a year. The Arctic unit cost is then 

compared against the Suez unit cost to produce a feasibility metric. The difference 

between the feasibility metric when emission costs are included and when they are 

not would outline how Arctic shipping feasibility changes when externalities are 

internalised.  

 

4.7.2. Research Question 2 
 

A set of Arctic shipping scenarios could be drafted using a technique known as 

morphological analysis. The SSP and RCP frameworks have a set of assumptions 

known as shared policy assumptions which outline for instance, whether global 

cooperation on climate change takes place or does not, and when. Morphological 

analysis entails aggregating these assumptions together and analysing what that 

means for each Arctic shipping scenario. If for instance, no global cooperation is 

assumed then it means that no global carbon price measure is likely to be 

implemented.  

Once the Arctic shipping scenarios have been drafted, they can be input into the 

techno-economic model to find what the total cost feasibility metric is for each ship 

type and scenario. This method applies to deterministic and stochastic analysis of 

Arctic shipping feasibility. Using the SSP and RCP framework, plus morphological 
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analysis it becomes possible to investigate how Arctic shipping feasibility is 

influenced by different socioeconomic and global warming scenarios. 

 

4.7.3. Research Question 3 
 

Standardised regression coefficients are used to indicate the level of influence that 

each considered input parameter has over the Arctic shipping feasibility metric. The 

coefficients can be directly compared against one another to facilitate a ranking in 

terms of which parameters are more influential than others. This method works by 

varying considered input parameters simultaneously according to a range of values 

defined by physical or economic constraints. The value would be sampled from the 

range of values using a probability distribution that can be assumed to be uniform 

and the model would be ran each time the input values are sampled to produce a set 

of Arctic shipping feasibility metrics. The set of Arctic shipping feasibility metrics is 

then regressed against the set of input values using multiple linear regression to 

produce the standardised coefficients. This would address the identification of what 

parameters are influential to Arctic shipping feasibility. The global sensitivity analysis 

approach also interacts with the scenario approach. This is because different 

scenarios lead to different fuels being adopted in the model and different operating 

fuels may have different sensitivities.  

Since a set of output metrics are produced, this method would simultaneously 

produce an uncertainty range on Arctic shipping feasibility. This is the stochastic 

output mentioned briefly in the paragraph before the last.    
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5. Techno-Economic Model 
 

5.1. Introduction 
 

This chapter begins with a description of the proposed model’s structure and a 

justification for this choice. A flow chart is used to illustrate how each module within 

the model feeds into the next until an output is produced. An explanation of the 

corresponding physical and economic models used within each module follows. Key 

assumptions are made, particularly around marine engineering because the model 

focuses on capturing interactions between variables that come from different 

disciplines together. The two main assumptions are that ice class and open water 

vessels are assumed to be newbuilds and that these ships are retrofitted to their 

alternative fuel variants. The chapter concludes with a discussion of the model’s 

output metric, followed by a table of all the assumptions used in the development of 

this model. All costs are in US $2020 and where symbols are not specific to either ice 

class or open water ships, either values can apply to the equation.  

 

5.2. High Level Structure 
 

The following flow chart illustrates a high-level overview of the techno-economic 

model’s structure. The flowchart is used as a basis for structuring this chapter and 

the validation chapter that follows. Each subsection is named after a module of the 

techno-economic model where the corresponding modelling equations and 

assumptions are outlined. A modular structure was proposed for the techno-

economic model over a monolithic one because it facilitated greater maintainability of 

the model (Auer et al., 2021).  
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Figure 5-1. A flowchart of the techno-economic model used in this thesis. Green 

parallelograms represent input data, blue rectangles represent model modules, the 

blue diamond represents a decision, the orange rectangle represents a nested 

module. The red parallelogram represents the model’s output. The blue arrows 

represent the flow of data within the model.  
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Figure 5-1 provides a picture of the model’s overall architecture. The model begins 

by processing scenario inputs (discussed in Chapter 7) which are used to capture 

the corresponding Arctic navigable periods and policy measures. Three Arctic routes 

are predefined and represent the NSR, Transpolar Passage and an intermediary 

route which lies in between the two passages. The routes are defined according to 

their longitudes and latitudes making it possible to extract ice data across each route 

for the years 2020, 2035 and 2050. Using ice thickness and concentration data, the 

model categorises the ice according to the risk it poses to the vessel based on its ice 

class. This can be done before ship specifications are defined because ice thickness 

and level of ice class are all that is needed to gauge the risk posed to the vessel 

(IMO, 2016a). Open water vessel specifications are obtained from the Whole Ship 

Model and the specifications for the ice class equivalent of the same ship type, 

speed and size are obtained by applying regression models (Calleya, Fuente, et al., 

2016; Calleya, Pawling, et al., 2016; Solakivi, Kiiski and Ojala, 2018, 2019; Faber et 

al., 2020).  

With the ice thickness across each Arctic route now known and ship specifications 

now defined it is possible to model the annual operating performance of the 

considered ships in terms of its fuel consumed and number of voyages completed in 

2020, 2035 and 2050. The nested module “Arctic operating performance” models the 

change to the vessel’s speed and power demands based on additional ice resistance 

and estimates a ship’s fuel consumption along an Arctic route. This feeds back into 

the “Suez Canal Route operating performance” module where a vessel’s 

performance in open water is calculated. Given the multidisciplinary nature of this 

research, several assumptions are made that simplify how vessel operating 

performance is calculated. Model simplification is a fundamental technique in model 

development as it enables greater focus to be spent on parts of a system that are 

most pertinent to an investigation (Weisberg, 2013; Zee, 2017). Applying it here 

facilitated greater focus on capturing how different variables from different disciplines 

interact with one another and ultimately the cost differential between Arctic and Suez 

Canal routes.    

With the ship’s fuel consumption, number of voyages across the Arctic and Suez 

Canal now known the model can progress towards estimating the annual fuel costs 

for all fuels considered. This is modelled by considering the fuel price and specific 
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fuel consumption. There are publicly available sources on specific fuel consumption 

and fuel prices (Raucci, 2017; Lloyd’s Register and UMAS, 2019a, 2020; Faber et 

al., 2020). Following on from this the capital, operating, emission and remaining 

voyage costs are calculated. This is done using tariff data, emission factors, 

externalities and retrofit costs. Finally, alternative fuels and behaviours that are 

incompatible with the policy measures given by the scenario inputs are removed by 

the model from further consideration. The model outputs are then produced.  

 

5.3. Arctic Ice Processor 
 

5.3.1.  Behavioural Scenarios 
 

The scenario inputs in terms of policy measures and corresponding shared 

socioeconomic pathway and representative concentration pathways are discussed in 

detail in Chapter 7. However, there are 3 behaviours considered by the model. 

These are distinct from the socio-economic and global-warming scenarios discussed 

in Chapter 4.  

Table 5-1. Behavioural scenarios considered by the model. Scenarios 1 and 3 entail 

exclusive transits through the Arctic and Suez Canal Route respectively. Scenario 2 

entails transits through the Arctic during the navigable period and the Suez Canal 

Route for the rest of the year.  

Scenario Scenario Definition  

Scenario 1 Year-round Arctic transits (YR) 

Scenario 2 Combined Arctic – Suez transits (CMB) 

Scenario 3 Year-round Suez transits 

 

Table 5-1 and its corresponding definitions are used to deduce the periods in the 

year that a ship is modelled to transit through the Arctic. A key assumption made in 

the model is that changes to operating performance only occur when Arctic ice 
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imparts additional resistance onto the vessel. This is because no ice is assumed to 

be encountered along the Suez Canal Route, therefore no change in operating 

performance is assumed for this scenario. Consequently Scenario 3 is the most 

straightforward behaviour to model.  

 

5.3.2.  Route Definitions 
 

Before the model can construct navigable periods based on Arctic ice data, the 

Arctic routes must be defined. As stated in the introduction, only the eastern side of 

the Arctic is considered as it is more accessible to shipping. There are three Arctic 

routes considered by the model, the NSR, the Intermediary Route and the 

Transpolar Passage. These NSR and Transpolar Passage are included because of 

the attention they received in the literature and the Intermediary Route is included to 

represent an Arctic route that is further north than the NSR but not as far north as the 

Transpolar Passage. A rougher sea state and harsher weather conditions may 

emerge along these routes from reductions in Arctic ice extent, but this is not 

considered (Fox-Kemper et al., 2021). This effect is not considered because 

projecting future weather patterns requires long-term observations, however this 

could be an area for further work (Seviour, 2017). The next figure provides an 

illustration of these routes when they are superimposed onto a map of the Arctic 

region.  
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Figure 5-2. An illustration of the polar sections for the NSR (on the right), 

Intermediary route (in the middle) and the Transpolar Passage (on the left). Created 

using the climate data toolbox (Greene et al., 2019). 

 

Figure 5-2 only illustrates the polar section of each Arctic route. The polar section is 

defined to be the section that falls above a 60o N latitude, as this is defined to be the 

maximum extent of Arctic waters by the IMO (IMO, 2017a). It is assumed that the 

remainder of the voyage which takes place outside of the illustrated polar section 

(and below 60o N latitude) follows the same path and through open water. This 

assumption facilitates modelling the effects of a shorter route distance for the same 
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origin – destination. For the deterministic analysis, the origin – destination is 

assumed to be Rotterdam – Shanghai as it falls within the right geographic 

conditions for the NSR to be shorter than the Suez Canal Route. Ships undertaking 

this voyage have been observed to use the NSR (Staalesen, 2016; Wan, Ge and 

Chen, 2018). In exploring this route, the model will find if the NSR becomes feasible 

on balance with additional capital, operating expense and sea ice. One voyage is 

assumed to be a transit between two ports, regardless of direction. This applies to all 

ship types. For the stochastic and sensitivity analysis, the NSR and Suez Canal 

Route lengths are varied randomly to explore the uncertainty in the output and 

sensitivity of the output to these variables. The polar sections of the route remain the 

same in terms of its distance and path. The stochastic experiments are outlined in 

greater detail in Chapter 8 and variations of the same Arctic route are not 

considered. This is because variations of the same Arctic route only lead to minor 

variations in fuel consumption and travel times (Schröder, Reimer and Jochmann, 

2017). The NSR was defined using Standard & Poor’s Portworld website (S&P 

Global Platts, 2019). Once the route has been defined it was iterated and adjusted if 

land was encountered along the path, based on the sea ice data. The Transpolar 

Passage was defined through constructing a linear path from the starting point off 

the coast of Norway towards the North Pole and again midway through the Bering 

straits. This was possible because there is no land mass encountered in the route. 

The intermediary route bisects the path of both the Transpolar Passage and the 

NSR. All routes converge upon exiting the Bering strait and follow the same exit 

path. The details for the Suez Canal Route was simply acquired from the Portworld 

website and is assumed to be an exclusively open water route (S&P Global Platts, 

2019).  

 

5.3.3.  Arctic Ice Processor Model 
 

Sea ice data is obtained from a set of complex models that use SSP and RCP 

combinations to project sea ice metrics into the future (Gidden et al., 2019). Both the 

sea ice thickness and concentration data are extracted from the GFDL – ESM4 

model (Jasmin G. et al., 2018a, 2018b, 2018c, 2018d, 2018e; Krasting et al., 2018b). 
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The ice data is a monthly representation of the conditions during a given year. This 

frequency and model were selected over others as its geospatial resolution (1o×1o) 

aligned with the techno-economic model structure and the ice data for all the SSP – 

RCP combinations were available. What makes sea ice thickness and concentration 

relevant is that the product of the two yields the local ice thickness. It is shown in 

Bergström, Erikstad and Ehlers (2017) that the product of sea ice thickness and 

concentration provides a simple but more realistic measure of local ice thickness.  

 

 ℎ𝑙𝑖𝑡 = ℎ𝑡 × ℎ𝑐 (5-1) 

 

Where ℎ𝑡 is the sea ice thickness in metres, ℎ𝑐 is the sea ice concentration which is 

the proportion of an area that is covered by sea ice and ℎ𝑙𝑖𝑡 is the local ice thickness 

in metres. With the local ice thickness determined, the accessibility of each route can 

be deduced. Using the longitude and latitude co-ordinates of the routes defined in 

Figure 5-2 , the corresponding local ice thickness calculated in eq. (5-1) can be 

cross-referenced. There are guidelines which categorise the risk posed by sea ice to 

ship operators and using these guidelines, the risk for each point along the Arctic 

can also be categorised (IMO, 2016a). Before this is possible, the ice itself must be 

categorised. The World Meteorological Organisation (WMO) contains the 

nomenclature for the different types of ice that can be encountered based on 

thickness (Fournier, 2019).   
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Table 5-2. Ice categories based on thickness, as defined in the model. Source: 

(Fournier, 2019). 

Ice thickness (m) Category 

0.00 < ℎ𝑙𝑖𝑡 <0.10 New ice 

0.10 <= ℎ𝑙𝑖𝑡 < 0.15 Grey ice 

0.15 <= ℎ𝑙𝑖𝑡 < 0.30 Grey white ice 

0.30 <= ℎ𝑙𝑖𝑡 < 0.50 Thin first year ice – first stage 

0.50 <= ℎ𝑙𝑖𝑡 < 0.70 Thin first year ice – second stage 

0.70 <= ℎ𝑙𝑖𝑡 < 1.00 Medium first year ice – (< 1m) 

1.00 <= ℎ𝑙𝑖𝑡 < 1.20 Medium first year ice 

1.20 <= ℎ𝑙𝑖𝑡 < 2.50 Thick first year ice – (< 1m) 

2.50 <= ℎ𝑙𝑖𝑡 < 3.00 Second year ice 

3.00 <= ℎ𝑙𝑖𝑡 Multi year ice 

 

Table 5-2 shows how the model categorises sea based on local ice thickness. With 

the sea ice category having been defined, it is possible to infer the risk posed to the 

ship using IMO guidelines. There are various ice classes that can be modelled, in 

this thesis only one is considered. Ice class 1A is selected as it is the most common 

ice class for ships transiting the NSR.  
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Figure 5-3. Number of transits and corresponding ice classes during the period 2012 

- 2018. The ice class ‘Arc 4’ was the most common class. Source: (CHNL and 

NORD University, 2021). 

 

Figure 5-3 shows that during 2012 – 2018, 63% of ships that transited through have 

an ice class of Arc 4. There is no universally standardised ice class system and the 

categories in Figure 5-3 are from the Russian ice class classification system 

(HELCOM, 2015). Whilst Arc 4 is a Russian classification, studies have found little 

difference in the performance between different ice class regimes (Solakivi, Kiiski 

and Ojala, 2018, 2019). Using a table of approximate correspondence between 

different ice class systems (see the appendix for the table), an Arc 4 ship is 

equivalent to an ice class of 1A. This ice class is selected on the basis that it is the 

most common ice class of ships that currently transit the NSR. Whilst this may not 

represent future practice, Arctic ice is expected to get thinner and reduce in extent 

which means that it will be easier for ships of this ice class and potentially lesser 

ones to transit through (Thomson et al., 2018; Perovich et al., 2020; Tschudi, Meier 

and Stewart, 2020).  
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Table 5-3. Risk index values depending on ice category and ice class. For indices 

greater than or equal to zero, normal operation can be assumed. For indices less 

than 0 there is an elevated risk of operation which means icebreaker support may be 

necessary. Source: (IMO, 2016a) 

 

 

Table 5-3 shows the risk indices varies with a ship’s ice class and local ice thickness. 

Ships with higher ice classes (close to PC1) can operate in thicker ice. This is shown 

through positive integers being assigned to older ice. Categorising the local ice 

thickness according to the risk indices can tell you at which month the ship will 

require an icebreaker escort based on its ice class. Given the guidelines state that 

the ship must operate at 3 knots in conditions where the risk index is less than zero, 
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it is assumed that months where sea ice extent is significant enough for the risk 

index to be negative are not feasible. Otherwise, the Arctic routes are assumed to be 

accessible for a given month. This is because sea ice varies in extent and thickness 

throughout the year, so the month the ship is modelled to transit the Arctic affects the 

amount of ice it will encounter. Since the ice data has a monthly resolution, the 

navigable period is also given by the months that the ship can transit through the 

Arctic. 

Before the ship – sea ice interactions can be captured, the accessibility of the Arctic 

routes must be defined in accordance with the definitions outlined in Table 5-1. 

Based on these values, the model can produce an estimate of the navigable period 

for combining the Arctic and Suez Canal Route.  

 

 1(𝑖)  =  {
1;  if ℎ𝑙𝑖𝑡 < 0.7m across the route
0;   Otherwise                                     

 (5-2) 

 

Eq. (5-2) shows how the navigable period for combining Arctic and Suez Canal 

Route transits is constructed. It makes use of the indicator function 1(𝑖) to build a 

column array that is 12 rows long consisting of only 1 and 0 values. Each entry in the 

array is given by 𝑖. If the ice thickness ℎ𝑙𝑖𝑡 calculated from eq. (5-1) is found to be 

less than 0.7m across an Arctic route for a given month, then the entry is assigned a 

1 value. This indicates the route is accessible at that month, otherwise if ℎ𝑙𝑖𝑡 is 

greater than or equal to 0.7m at any point along the route then 0 is assigned which 

means it is inaccessible. This was done in this module because all the information 

required to build the profile is available at this point. The model then progresses 

towards obtaining design specifications for the modelled vessels.   
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5.4. Vessel Specifications 
 

5.4.1.  Whole Ship Model 
 

The Whole Ship Model was used to obtain the open water design specifications of 

individual vessels. It produces calculated values which include a ship’s hull shape, 

specific fuel consumption and power requirements (Calleya, 2014; Calleya, Fuente, 

et al., 2016; Calleya, Pawling, et al., 2016). How it ties in with this model is that the 

Whole Ship Model is used to calculate the open water ship specifications used in this 

model. For an ice class vessel, Whole Ship Model specifications can be modified 

using regression models to find what the ice class variant’s specifications would be 

for the equivalent ship design. Designs with a deadweight tonnage greater than 

200,000 tonnes are not considered in this thesis as they would be too large to pass 

through the Suez Canal (Clarksons, 2020a; Suez Canal Authority, 2020a). This is 

because the largest class of vessel that can transit through the Suez Canal is the 

‘Suezmax’ class. However, when extracting charter rates, ships larger than 200,000 

tonnes are increased to build a larger sample size.  

 

5.4.2.  Vessel Specifications Model 
 

For the same route to be used for each considered ship type across the years 2020, 

2035 and 2050 it must be assumed that the fleet composition remains the same 

across the years. This assumption also facilitates the same ship designs to be 

modelled across these years. Given that cargo carried is outside of the scope of this 

thesis and the model’s focus on costs, whether the cargo changes or not does not 

significantly alter the results. Whilst route distances may change in future, they are 

varied stochastically in Chapter 8 for an analysis on the model’s uncertainties and 

sensitivities. Using the regression architecture outlined in Solakivi, Kiiski and Ojala, 

(2018, 2019) and the Clarksons World Fleet Register (WFR) regression models can 

be built for gross tonnage, main engine power, deadweight and auxiliary power. The 

reference datasets refer to open water (OW) ships and the IHS dataset is used over 

the Clarksons WFR since it was applied in the 4th GHG study and contains a larger 
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sample of vessels (IHS, 2017; Clarksons, 2020b; Faber et al., 2020). Data on boiler 

energy consumption is unavailable in the Clarksons World Fleet Register so it is 

assumed in the model that there is no difference between ice class and open water 

boiler consumption. Furthermore, whilst boiler energy consumption may be different 

for ice class ships, the difference is unlikely to be of significance to the vessel’s fuel 

consumption as boiler fuel demand is small compared to the main and auxiliary 

engine demands. They are also assumed to operate at constant load (Smith et al., 

2014; Comer et al., 2017; Faber et al., 2020). The regression equations used to 

estimate the ice class design specifications are now outlined. 

 

 ln 𝑔𝑡𝑖𝑐𝑒  =  𝛼1 + 𝛽1 ln 𝑑𝑤𝑡𝑊𝑆𝑀 + 𝛽2𝐼𝑐𝑒𝐶𝑎𝑡 (5-3) 

 

This equation provides the gross tonnage for the ice class equivalent design 𝑔𝑡𝑖𝑐𝑒 

based on the deadweight tonnage provided by the Whole Ship Model 𝑑𝑤𝑡𝑊𝑆𝑀 and 

the categorical variable 𝐼𝑐𝑒𝐶𝑎𝑡. The categorical variable has a value of 0 or 1 

depending on whether the ship has no ice class or does have one, respectively. The 

regression coefficients 𝛼1, 𝛽1 and 𝛽2 are the intercept and corresponding variable 

coefficients. For the next equation the open water gross tonnage is used, which 

means it was calculated assuming an 𝐼𝑐𝑒𝐶𝑎𝑡 value of 0.  

 

 ln 𝑑𝑤𝑡𝑖𝑐𝑒 = 𝑑𝑤𝑡𝑊𝑆𝑀 ×  (
𝛼2 + 𝛽3 ln 𝑔𝑡 + 𝛽4𝐼𝑐𝑒𝐶𝑎𝑡

𝛼2 + 𝛽3 ln 𝑔𝑡
)   (5-4) 

 

This equation provides the ice class equivalent design’s deadweight tonnage 𝑑𝑤𝑡𝑖𝑐𝑒 

based on the gross tonnage 𝑔𝑡 calculated previously. Other parameters retain the 

same definitions as above. To ensure consistency between the regression model 

output and the Whole Ship Model, the ratio between the estimated ice class design’s 

deadweight tonnage and open water design’s deadweight tonnage is multiplied with 

the Whole Ship Model value. The open water gross tonnage is used because these 

equations convert the open water specifications into ice class equivalent 
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specifications. Regression coefficients 𝛼2, 𝛽3 and 𝛽4 are the regression intercepts 

and coefficients respectively.  

 

 ln 𝑃𝑖𝑐𝑒,𝑀𝐸 = 𝑃𝑊𝑆𝑀,𝑀𝐸 × (
𝛼3 + 𝛽5 ln 𝑑𝑤𝑡𝑊𝑆𝑀 + 𝛽6𝐼𝑐𝑒𝐶𝑎𝑡

𝛼3 + 𝛽5 ln 𝑑𝑤𝑡𝑊𝑆𝑀
)    (5-5) 

 

The ice class design’s main engine installed power 𝑃𝑖𝑐𝑒,𝑀𝐸 in kilowatts is estimated 

using the same principle as the previous equation and the Whole Ship Model’s 

estimated installed engine power for open water vessels 𝑃𝑊𝑆𝑀,𝑀𝐸. The independent 

variable is the deadweight value defined previously. All other parameters retain their 

previous definitions.  

 

 ln 𝑃𝑖𝑐𝑒,𝐴𝑢𝑥 = 𝑃𝑊𝑆𝑀,𝐴𝑢𝑥 × (
𝛼4  + 𝛽7 ln 𝑑𝑤𝑡𝑊𝑆𝑀 + 𝛽8𝐼𝑐𝑒𝐶𝑎𝑡

𝛼4 + 𝛽7 ln 𝑑𝑤𝑡𝑊𝑆𝑀
)               (5-6) 

 

Lastly, the ice class design’s auxiliary power 𝑃𝑖𝑐𝑒,𝐴𝑢𝑥 is estimated in kilowatts using 

the same principle as the previous two equations and the Whole Ship Model’s 

estimated value for open water ship designs 𝑃𝑊𝑆𝑀,𝐴𝑢𝑥. Other parameters retain their 

previous definitions. Refer to the appendix for details on the coefficients and the 

descriptive statistics of these equations. 

Some of the vessels will carry cargo that needs to be refrigerated and chilled, 

particularly container ships. The energy required for refrigeration comes from the 

auxiliary engine and may be sensitive to ambient air temperature (Fitzgerald et al., 

2011). The model does not consider these changes because the auxiliary engine 

load is not sensitive to fluctuations in refrigerated containers. It was assumed in the 

IMO’s 3rd and 4th GHG studies that the auxiliary engine load is constant (Calleya, 

2014; Smith et al., 2014; Faber et al., 2020). Given that the auxiliary and boiler fuel 

consumption is significantly lower than that of the main engine propulsion, it is 

assumed here that the auxiliary and boiler engine loads are constant to manage the 

model’s complexity. This means that its specific fuel consumption is also constant. 
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Furthermore, for container ships auxiliary power the ice class categorical variable 

was found to be insignificant. This means that ice class and open water container 

ships are assumed to have the same auxiliary power demand. It is unclear how the 

transportation of refrigerated goods over the Arctic may develop, given the lack of 

clarity on how ambient temperature may change. This may be an area for further 

work.  

Overall, the modifications are expected to increase or decrease the specifications 

depending on what they represent. For example, to cope with increases in operating 

resistance due to sea ice, ice class vessels are expected to have an increased 

amount of lightweight or displacement to compensate. For this thesis the 

displacement of the ship remains constant, so the ship’s deadweight decreases to 

compensate for the increase in lightweight. The main engine and auxiliary powers 

are also expected to increase to compensate for operating in more resistant 

conditions in addition to colder weather. These assumptions are justified by results 

from other studies (Solakivi, Kiiski and Ojala, 2018, 2019).  

Following on from modifying the vessel specifications, the next step is to ascertain 

how fuel consumption will change to accommodate the increases in main engine 

power. Changes to the specific fuel consumption would stem from changes to the 

engine. Engines from the MAN B&W engine catalogue are assigned to each 

reference ship by Whole Ship Model (MAN B&W, 2020). This process is expanded 

by the model by recording the maximum number of cylinders that each engine 

modelled in the Whole Ship Model can have. If the increase in installed power can 

be accommodated through the addition of extra cylinders then it is assumed that the 

main engine specific fuel consumption remains the same, if the engine cannot 

accommodate the increase in power then a default value of 185gkWh-1 is assigned 

from the 4th GHG study (Faber et al., 2020).  

 

 𝑠𝑓𝑐𝑖𝑐𝑒,𝑀𝐸 {
𝑠𝑓𝑐𝑖𝑐𝑒,𝑀𝐸 =  185𝑔𝑘𝑊ℎ−1; if 𝑃𝑖𝑐𝑒,𝑀𝐸 > 𝑃𝑐𝑦𝑙 × 𝑛𝑚𝑎𝑥,𝑐𝑦𝑙; 

𝑠𝑓𝑐𝑖𝑐𝑒,𝑀𝐸 =  𝑠𝑓𝑐𝑊𝑆𝑀;        if 𝑃𝑖𝑐𝑒,𝑀𝐸 < 𝑃𝑐𝑦𝑙 × 𝑛𝑚𝑎𝑥,𝑐𝑦𝑙;  
 (5-7) 
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Eq. (5-7) determines the specific fuel consumption assigned to the ice variant of the 

ship. The variables 𝑠𝑓𝑐𝑖𝑐𝑒,𝑀𝐸, 𝑃𝑐𝑦𝑙 and 𝑛𝑚𝑎𝑥,𝑐𝑦𝑙 are defined as the main engine design 

specific fuel consumption for the ice class variant, the maximum power per cylinder 

and the maximum number of cylinders for a given engine. The variable 𝑠𝑓𝑐𝑊𝑆𝑀 is the 

design main engine specific fuel consumption given by the Whole Ship Model. For 

auxiliary engines, it is assumed that there is no change in specific fuel consumption 

between ice classes and open water ships. No change in the fuel consumption 

between open water and ice class ships is also assumed for boiler engines. This is 

because the standard design also works for ships of this ice class (MAN B&W, 

2013). For main engines a change in the velocity and specific fuel consumption can 

happen based on the amount of power delivered to the shaft. The main engine load 

is defined to be the percentage of power delivered to the shaft relative to its design 

rating. How the load affects the power demands, operating speed and specific fuel 

consumption is described.    

 

 𝑃𝐿 = 𝑃𝑀𝐸 × 𝐿 (5-8) 

 

The power output of the main engine 𝑃𝐿 for a given load is simply the main engine 

power at design conditions 𝑃𝑀𝐸 in kilowatts multiplied by the load 𝐿 described 

previously. The value 𝑃𝑀𝐸 would depend on whether the ship is ice class or not.  

 𝑣𝐿 = 𝑣𝑑𝑒𝑠 × (
𝜂𝑤 × 𝜂𝑓 × 𝑃𝐿

𝑃𝑀𝐸
)

1
3
 (5-9) 

 

The operating speed of the ship at load 𝐿 is given by 𝑣𝐿. The vessel’s design speed 

is 𝑣𝑑𝑒𝑠, both are in knots. The dimensionless coefficients 𝜂𝑤 and 𝜂𝑓 are the weather 

and fouling coefficients, and are assumed to be 0.867 and 0.917 respectively 

(Johansson, Jalkanen and Kukkonen, 2017; Olmer et al., 2017; Faber et al., 2020). 

This is an application of the cubic law between vessel speed and power. This is 

discussed in greater detail in the next section.  
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 𝑠𝑓𝑐𝐿 = 𝑠𝑓𝑐𝑀𝐸 × (0.455𝐿2  −  0.71𝐿 + 1.28) (5-10) 

 

This equation describes how the new specific consumption 𝑠𝑓𝑐𝐿 is obtained, based 

on load 𝐿. This equation applies to both open water and ice class ships, 𝑠𝑓𝑐𝑀𝐸 

represents either the ice class or open water main engine specific fuel consumption. 

The specific fuel consumption has a parabolic relationship with the engine load and 

the quadratic relationship captures the approximate dependency of the specific fuel 

consumption on engine load (Jalkanen et al., 2012). The engine loads based on ship 

type and size are obtained from Table 36 of the 4th GHG study (Faber et al., 2020). 

The engine loads quoted from the study tend to be around the 30 – 50% range which 

means the vessels are operating at slower speeds than their design speed and that 

the main engine specific fuel consumption is different to its design rating. The next 

plot shows how main engine specific fuel consumption varies with the main engine 

load according to eq. (5-10), assuming a specific fuel consumption of 185gkWh-1 at a 

maximum continuous rating.  
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Figure 5-4. The blue line represents the main engine specific fuel consumption at the 

corresponding main engine load. It shows how specific fuel consumption increases 

significantly with low engine loads.  

Figure 5-4 shows that the specific fuel consumption increases at high and low engine 

loads. The minima of the curve is around 75 – 80% engine load, suggesting that the 

specific fuel consumption is at its lowest around this point. This corresponds with a 

typical specified maximum continuous rating (SMCR) seen with 2-stroke main 

engines (Jalkanen et al., 2012). The specific fuel consumption increases either side 

of this point. This curve is important because it has implications for ships that are 

operating in conditions where pack or level ice is encountered. This is because the 

additional resistance imparted onto the ship will slow it down and may have 

implications for its fuel consumption. Whilst this equation applies to all ship designs 

that operate with combustion engines, it is assumed to apply to ships that operate 

with fuel cells too. This is because observations suggest that there is a non-linear 

relationship between fuel cell load and specific fuel consumption too (Kistner et al., 

2021).  
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Auxiliary engine load is assumed to be 85% of the maximum power capacity of the 

engine, based on the operating profile obtained from the Whole Ship Model (Calleya, 

2014). These engines are assumed to operate at constant load. This means that the 

fuel consumption also remains constant. Whilst this may be different in practice, 

finding the scale of engine loads for the global fleet is out of the scope of this thesis 

(Smith et al., 2014).  

The main engine specific fuel consumption can change due to ambient air 

temperatures, fuel energy density and engine efficiency (Raucci, 2017; Suárez de la 

Fuente et al., 2018; Wang, Zhao and Cai, 2021; Kornienko et al., 2022). To manage 

cold air temperatures, a technical document by MAN B&W suggests that vessels of 

ice class 1A can operate with unmodified 2-stroke diesel engines. However, it 

recommends an Arctic specific exhaust gas bypass system which would reduce the 

specific fuel consumption at low loads by 5gkWh-1 (MAN B&W, 2013). The changes 

to main engine specific fuel consumption based on fuels are larger due to differences 

in energy density which suggests that the output is more sensitive to fuel types than 

it is to engine optimisation technologies (Gilbert et al., 2018). Given that fuel type 

causes more variance in the fuel consumption observed in this project and limited 

resources available, how low air temperature affects the main engine fuel 

consumption is not considered. However, understanding how sub-zero ambient 

temperatures may affect the specific fuel consumption of marine engines could be 

pursued in further research. The total resistance that a ship encounters in open 

water is given by the following equation. 

 

 𝑅𝑂𝑊 =
1

2
𝜌𝑤𝐶𝑇𝑣𝐿

2𝑆 (5-11) 

 

Using eq. (5-11) it becomes possible to estimate the open water resistance of the 

ship at different speeds. Parameters 𝑅𝑂𝑊, 𝜌𝑤, 𝐶𝑇, 𝑣𝐿 and 𝑆 are the vessel’s total 

resistance at sea, density of sea water (1024 kgm-3), coefficient of total resistance, 

sailing speed and wetted surface area of the hull (Kristensen and Lützen, 2013). 

Since the Whole Ship Model already determines the total open water resistance 

encountered by the ship at design conditions, the only unknown variables are 𝐶𝑇 and 
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𝑆. For ice class ships, the total resistance obtained from the Whole Ship Model is 

multiplied by the main engine power ratio between the ice class and open water 

variant. This is to account for the ice class variant travelling at the same speed 

despite a higher power output, it is assumed that all the efficiencies within the ship 

otherwise remain equal. Firstly, the wetted hull surface area is estimated.  

 

 𝑆 =  0.99 × (
𝛻

𝑇
+ 1.9𝐿𝑤𝑙𝑇) (5-12) 

 

This equation produces the wetted surface area for a bulker or tanker. Where 𝑆, ∇, 𝑇 

and 𝐿𝑤𝑙 are the wetted surface area (m2), displacement (in m3), draught amidship 

(m) and waterline length (m). Eq. (5-12) pertains to dry bulkers and tankers only, 

there is a variant for container ships however. 

 

 𝑆 =  0.995 × (
𝛻

𝑇
+ 1.9𝐿𝑤𝑙𝑇) (5-13) 

  

The parameters in eq. (5-13) retain the same definitions that they do in eq. (5-12) but 

the equation itself only applies container ships. All the information required to 

estimate the coefficient of total resistance is now known and can be achieved 

through rearranging eq. (5-11). The inline water angle of the ship is also estimated.  

 

 𝛼𝑤𝑙  =  1 + 89exp ((− (
𝐿𝑤𝑙

𝐵
)

0.80856

×  (1 − 𝐶𝑊𝑃)0.30484  × 

(5-14) 

 − (1 − 𝐶𝑃 − 0.0225𝐿𝐶𝐵)0.6367 ×  (
𝐿𝑟

𝐵
)

0.34574

× (
100𝛻

𝐿𝑤𝑙
3 )

0.16302

) 
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Eq. (5-14) produces 𝛼𝑤𝑙, the waterline entrance angle in degrees (Holtrop and 

Mennen, 1982). The new parameters are 𝐵, 𝐶𝑊𝑃, 𝐶𝑃, 𝐿𝐶𝐵 and 𝐿𝑟 and are defined to 

be the ship breadth, waterplane coefficient, prismatic coefficient, longitudinal centre 

of buoyancy and the run length. The parameter values used in this project are given 

by the Whole Ship Model, however they can be deduced from other specifications 

using empirical formula. With the vessel specifications outlined for both ice class and 

open water ships the chapter can progress move forward to discussing the model of 

ship to ice interactions and operating performance.  

 

5.5. Operating Performance 
 

5.5.1.  Arctic Operating Performance Model 
 

This module calculates the additional ice resistance encountered by the ships and 

fuel consumption for the Arctic route. This section is relevant for exclusive use of the 

Arctic routes (Scenario 1) and for cases where the Arctic is combined with the Suez 

Canal Route (Scenario 2). Since the navigable period for combining Arctic and the 

Suez Canal Route has been constructed, another one needs to be constructed for 

exclusive use of Arctic routes. For this case the navigable period is constructed 

based on the number of days spent at sea obtained from satellite observations 

(Pisces Foundation, 2016a). State of the art and publicly available figures can be 

obtained from the IMO’s 4th GHG study (Faber et al., 2020).  

 

 𝑛𝑚 ≈
𝑡𝑑

30
 (5-15) 

 

Eq.(5-15) estimates the number of months the ship is active for 𝑛𝑚, the variable 𝑡𝑑 is 

the annual time in days spent at sea. The values used to produce the results are in 

Chapter 8. It is assumed that for the years 2020, 2035 and 2050 the vessel spends 

the same number of days at sea. Whilst this may vary in practice, there are 

uncertainties made with any projection and this simplification was made to focus on 
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the development of Arctic shipping feasibility. Furthermore, little observable change 

occurred between the days spent at sea between the 3rd and 4th GHG studies 

(Smith et al., 2014; Faber et al., 2020). The denominator is 30 because it is assumed 

that there are 30 days per month in the model. The number of months is then 

rounded to obtain the nearest integer, to align with the monthly resolution of the ice 

data. This integer is then used to construct a navigable profile for the ship, using an 

indicator function.  

 

 1(𝑖) =  {1;  if 9 − (
𝑛𝑚

2
)  ≤ 𝑖 ≤ 9 + (

𝑛𝑚 − 1

2
)

0;                                 
 (5-16) 

 

Eq.(5-16) shows the construction of the navigable period for Scenario 1. The function 

1(𝑖) is used to produce another column vector that is l2 rows long consisting of 

binary 0 or 1 values. This indicates whether a considered Arctic route is inaccessible 

or accessible for a given month. Using the number of months 𝑛𝑚 the lower bound, 

central and upper bounds of the navigable period can be estimated. Values from 1 –

12 correspond with Jan – December. If the upper bound were to extend past 12, the 

model corrects this and extends it into the early stages of the year (Jan – Feb for 

instance). The reason 9 forms the central bound in the inequality is because it 

corresponds with the month of the Arctic ice minima – September. This means that 

less ice is encountered in this period of the year. It is assumed that even with yearly 

Arctic operations, the operator still seeks to avoid the Arctic winter period and March 

which is when the Arctic ice maxima occurs. This way the operator can complete as 

many voyages as it can and minimise the impediment that Arctic ice poses to their 

operations. When calculating the additional resistance encountered when passing 

through ice, other geometric dimensions must be obtained such as the stem angle. 

These additional dimensions can be inferred from trigonometry however and are not 

discussed here. The methods used to obtain them are discussed in Lindqvist, 

(1989). A figure from Lindqvist, (1989) illustrating these dimensions is shown in the 

appendix.  



 

 
153 

There are two types of resistance considered by the model. One type concerns pack 

ice and the other type concerns level ice. In the model, if the local ice thickness is 

greater than 0.3m then it is categorised as level ice and if it is below 0.3m it is 

grouped into pack ice. This justification is based on the Met Office categorisation and 

WMO definition of different sea ice categories (Fournier, 2019).  

 

 ℎ𝑙𝑖𝑡  {
Level ice;    if ℎ𝑙𝑖𝑡 >  0.3m; 
Pack ice;    if ℎ𝑙𝑖𝑡 <= 0.3m;

 (5-17) 

 

Recalling that ℎ𝑙𝑖𝑡 is the local ice thickness. Values greater than 0.3m are defined to 

be level ice and for less than or equal to 0.3m as pack ice (Fournier, 2019). The 

formula for pack ice resistance is obtained from Jeong, Choi and Kim (2021).  

 

 𝑅𝑖𝑐𝑒 = 102.651(𝐹ℎ)−1.665 (
𝑑𝑓𝑙𝑜𝑒

𝐵
)

1.019

(ℎ𝑐)5.196 (
𝑊𝑐ℎ

𝐵
)

−1.211 1

2
𝜌𝑖𝑐𝑒𝐵ℎ𝑡𝑣𝐿

2 (5-18) 

 

Where 𝑅𝑖𝑐𝑒 is the pack ice resistance, 𝐹ℎ is the Froude number at speed 𝑣𝐿, 𝑑𝑓𝑙𝑜𝑒 is 

the ice floe diameter, 𝑊𝑐ℎ is the width of the channel and 𝜌𝑖𝑐𝑒 is the density of sea 

ice. This equation gives the ice resistance when the vessel is defined to be operating 

through pack ice conditions. This is different from level ice which would need to be 

broken by the ship. The other variables retain the same meaning as they do 

previously. For the purposes of this thesis, the ice floe diameter is set to be equal to 

the ice thickness divided by 10, and the channel width is set to be equal to the ship 

beam (UCL, 2021). Consequently, eq. (5-18) can be simplified to reduce the number 

of unknowns.  

 

 𝑅𝑖𝑐𝑒 = 102.651(𝐹ℎ)−1.665 (
ℎ𝑡

10𝐵
)

1.019

(ℎ𝑐)5.196
1

2
𝜌𝑖𝑐𝑒𝐵ℎ𝑡𝑣𝐿

2 (5-19) 
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Eq. (5-19) is what is used to model pack ice resistance in the model. It is worth 

noting that as both equations distinguish between ice concentration and thickness, 

the local ice thickness from eq. (5-1) is not used. The raw thickness and 

concentration metrics are used in its place. The Froude number formula is defined.  

 

 𝐹ℎ =
𝑣𝐿

√𝑔ℎ𝑡

 (5-20) 

 

Eq. (5-20) gives the Froude number used in the pack ice resistance equation. The 

constant 𝑔 is the acceleration due to gravity. Other parameters are defined in 

previous equations. When compared to level ice resistance, it is a relatively 

straightforward calculation. There are multiple different formulae which can be used 

to estimate level ice resistance, and different formulae use different methods (Erceg 

and Ehlers, 2017). In this thesis, Lindqvist’s method is chosen as it incorporates the 

hull geometry into estimations of sea ice resistance (Lindqvist, 1989). This allows the 

estimations to account for the hull dimensions given by the Whole Ship Model. There 

are multiple types of resistance which must be considered when estimating total ice 

resistance.  

 

 𝑅𝑖𝑐𝑒 = (𝑅𝑐𝑟𝑢𝑠ℎ + 𝑅𝑏𝑒𝑛𝑑) (1 + 1.4
𝑣𝐿

√𝑔ℎ𝑙𝑖𝑡

) + 𝑅𝑠𝑢𝑏 (1 + 9.4
𝑣𝐿

√𝑔𝐿𝑤𝑙

) (5-21) 

 

Eq. (5-21) yields the total ice resistance encountered when operating in level ice. 

The constituent components of level ice resistance are 𝑅𝑐𝑟𝑢𝑠ℎ, the crushing 

resistance, 𝑅𝑏𝑒𝑛𝑑 the bending resistance and 𝑅𝑠𝑢𝑏 the submerged resistance. The 

variables 𝑣𝐿, 𝑔, ℎ𝑙𝑖𝑡 and 𝐿𝑤𝑙 have the same definition as they do in previous 

equations. Conceptually, crushing resistance is defined as the force required to 

crush the ice at the stem of the ship. Bending resistance is to do with breaking the 

ice through bending and submerged resistance is to do with the fact that 

observations show that when a ship passes through level ice, its hull is covered 
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completely with sea ice. Due to ice being lighter than water, the ice imparts a lifting 

force against the hull and indirectly affects the friction against the vessel.  

 

 𝑅𝑐𝑟𝑢𝑠ℎ = 𝐹𝑣 × (
tan 𝜙 + 𝜇 

cos 𝜙
cos 𝜓

1 − 𝜇 
sin 𝜙
cos 𝜓

) (5-22) 

 

The crushing resistance is given by eq. (5-22). Parameters, 𝐹𝑣, 𝜙, 𝜇, 𝜓 and 𝜎𝑏 are 

the vertical force, stem angle, coefficient of friction, flare angle, and the bending 

strength of ice. 

 𝐹𝑣 =
1

2
 𝜎𝑏 ℎ𝑙𝑖𝑡

2
 (5-23) 

 

Eq. (5-23) gives the vertical force formula used to calculate the crushing resistance.  

  

 𝑅𝑏𝑒𝑛𝑑 = 0.003 𝜎𝑏 𝐵(ℎ𝑙𝑖𝑡)1.5 (tan 𝜓 +
𝜇 cos 𝜙

sin 𝛼𝑤𝑙 cos 𝜓
) (1 +

1

cos 𝜓
) (5-24) 

 

The bending resistance 𝑅𝑏𝑒𝑛𝑑 is given by eq. (5-24). The variables  𝜎𝑏, 𝐵, ℎ𝑙𝑖𝑡, 𝜓, 𝜇, 

𝜙 and 𝛼 retain their previous definitions.  

 

 𝑅𝑠𝑢𝑏 = (𝜌𝑤 − 𝜌𝑖𝑐𝑒)𝑔ℎ𝑙𝑖𝑡𝐵 [
𝑇(𝐵 + 𝑇)

𝐵 + 2𝑇
+ 

(5-25) 

 μ (0.7𝐿𝑤𝑙 −
𝑇

𝑡𝑎𝑛 𝜙
−

𝐵

4 𝑡𝑎𝑛 𝛼𝑤𝑙
+ 𝑇𝑐𝑜𝑠 𝜙 𝑐𝑜𝑠 𝜓√

1

𝑠𝑖𝑛 𝜙2
+

1

𝑡𝑎𝑛 𝛼𝑤𝑙
2 )] 
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Eq. (5-25) produces the submerged resistance 𝑅𝑠𝑢𝑏. With all the component 

resistance forces being defined, they can be totalled together in eq. (5-21) to 

produce the total sea ice resistance. When operating in ice, it is assumed that the 

operator does not increase the engine load to compensate for the extra resistance. 

Instead, the power remains constant whilst the increase in resistance causes a drop 

in operating speed.  

 

 𝑃𝑒𝑓𝑓  =  𝑅𝑜𝑤  ×  𝑣𝐿 (5-26) 

 

The effective power 𝑃𝑒𝑓𝑓 of the ship can be estimated by multiplying the total open 

water resistance 𝑅𝑜𝑤 calculated in eq. (5-11) with the operating speed calculated in 

eq. (5-9) 𝑣𝐿 (converted into ms-1). As the vessel is not accelerating, the thrust of the 

ship is assumed to be equal to the resistance – a consequence of Newton’s first law. 

This assumption facilitates the calculation of the vessel’s new operating speed.  

 

 𝑣𝑖 =
𝑃𝑒𝑓𝑓

𝑅𝑜𝑤 + 𝑅𝑖𝑐𝑒
 (5-27) 

 

The new operating speed is defined as 𝑣𝑖 which is the vessel speed at point 𝑖 along 

an Arctic route and 𝑅𝑖𝑐𝑒 is calculated using eq. (5-19) or eq. (5-21) depending on the 

ice category. With a new vessel speed, the energy demand of the reference ship 

also changes. There are several other conditions which affect the vessel speed – not 

just the increase in resistance emanating from sea ice. These conditions come from 

the compulsory icebreaking tariff that operators incur, more detail can be found in the 

next chapter (Rossiyskaya Gazeta, 2012). As the tariff is compulsory it is assumed 

that in operating terms the vessel always operates in tandem with an icebreaker 

escort. Given the IMO guidance, it is stipulated that for certain local ice thicknesses a 

negative risk index is assigned. For the model, areas where the local ice thickness 

exceeds 0.7m the vessel is modelled as having a speed of 3 knots – the 

recommended speed when tailing an icebreaker (IMO, 2016a). Furthermore, if the 
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resistance is too great that the speed drops below 3 knots then it is also assumed 

that the vessel is better served tailing an icebreaker. This has implications for the 

specific fuel consumption, which would increase significantly. This increase is 

captured in Figure 5-4. 

 

 𝑣𝑖 = {
𝑣𝑖  =  3 kn;     if ℎ𝑙𝑖𝑡 >  0.7m; 
𝑣𝑖  =  3 kn;            if 𝑣𝑖 < 3kn

 (5-28) 

 

This equation shows that if the ice is too thick for the vessel to pass through, it tails 

an icebreaker and 𝑣𝑖 is defined to be 3 knots. Or if the speed is less than 3 knots, 

then it also tails an icebreaker so it can move faster. Icebreaker emissions are not 

considered because they are assumed to be nuclear powered (Clarksons, 2020a). 

With the vessel speed having been properly adjusted, the new adjusted power can 

be calculated through rearranging eq. (5-9).  

 

 𝑃𝑖 =
𝑃𝑀𝐸 × (

𝑣𝑖

𝑣𝑑𝑒𝑠
)

3

𝜂𝑤 × 𝜂𝑓
 (5-29) 

 

This equation produces the vessel’s power demand 𝑃𝑖 at point 𝑖 along the route. The 

variable 𝑃𝑀𝐸 is the main engine installed power at design conditions. It can apply for 

either ice class or open water ships. Regarding the application of the cubic exponent 

in this equation, some recent research has produced evidence that challenges the 

use of the cubic exponent using machine learning models (Adland, Cariou and Wolff, 

2020; Berthelsen and Nielsen, 2021). The evidence suggests that different ship 

types may have different exponents, depending on various factors such as hull 

shape. However, this is still an emerging topic and there are still uncertainties 

associated with these values. These values have been found using machine learning 

techniques and to find an Arctic shipping specific exponent would require large 

datasets to train machine learning models with. This would require resources that 

are unfortunately beyond reach for this investigation. This is not withstanding the 
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lack of large-scale shipping activity along the NSR which makes optimising for an 

Arctic specific exponent value difficult. Given that the cubic rule has been used in the 

IMO’s 4th GHG study and in the Arctic shipping literature it is also applied here 

(Theocharis et al., 2019; Faber et al., 2020). Once the fuel consumption for that 

specific point has been estimated, it can be summed to find the total fuel 

consumption for that year. Firstly though, the spherical law of cosines is used to 

estimate the distance between each point (and to find the total distance of the Arctic 

routes).  

 

 𝑟𝑖 = 𝑟𝑒𝑎𝑟𝑡ℎ × [cos−1(sin 𝜑1 sin 𝜑2 + cos 𝜑1 cos 𝜑2 cos(∆𝜆))] (5-30) 

 

The radius of the Earth is given by 𝑟𝑒𝑎𝑟𝑡ℎ the latitude and change in longitude 

between both points are given by 𝜑1, 𝜑2 and ∆𝜆.The distance between a geospatial 

point 𝑖 and the next point is 𝑟𝑖.With 𝑟𝑖 having been estimated, it can be combined with 

the estimates from eqs. (5-27) and (5-29) to yield the annual fuel consumption 

across the Arctic routes. First the new engine load and main engine specific fuel 

consumption at point 𝑖 must be found. 

 

 𝐿𝑖 =
𝑃𝑖

𝑃𝑀𝐸
 (5-31) 

 

Where 𝐿𝑖 is the main engine load at point 𝑖.  

 

 𝑠𝑓𝑐𝑖 = 𝑠𝑓𝑐𝑀𝐸  × (0.455𝐿𝑖
2 − 0.71𝐿𝑖 + 1.28) (5-32) 

 

Where the new main engine specific fuel consumption at point 𝑖 is 𝑠𝑓𝑐𝑖. This is the 

new main engine specific fuel consumption based on changes to engine operating 

speed as it passes through ice.  
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 𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 = ∑ 𝑠𝑓𝑐𝑖 × 𝑃𝑖 ×
𝑟𝑖

𝑣𝑖

𝑝𝐴

𝑖 =1

 (5-33) 

 

The equation is simply the sum of the main engine fuel consumption across each 

geospatial point considered in a calendar year. Where 𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 represents the main 

engine fuel consumption for Arctic route 𝐴 within the polar section defined in Figure 

5-2. The parameter 𝑝𝐴 represents the total number of geospatial points considered 

by the model within the polar section of Arctic route 𝐴, for all months where the route 

is deemed accessible. This value may vary depending on whether the behaviour 

entails operating year-round through the Arctic or combining operations through the 

Arctic with operations through the Suez Canal Route, because the navigable periods 

are different. The other parameters retain the same definition that they do from 

earlier. Eq. (5-33) can be used to estimate annual auxiliary engine consumption 

along the routes too.  

 

 𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐 =  ∑ 𝑠𝑓𝑐𝐴𝑢𝑥 × 𝑃𝐴𝑢𝑥 ×
𝑟𝑖

𝑣𝑖

𝑝𝐴

𝑖 =1

 (5-34) 

 

Eq. (5-34) produces 𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐, the annual auxiliary engine fuel consumption for route 

𝐴 within the polar section. This equation follows a similar structure to eq. (5-33) with 

the exception that the specific fuel consumption and power of the auxiliary engine 

(𝑠𝑓𝑐𝐴𝑢𝑥 and 𝑃𝐴𝑢𝑥) do not change with operating conditions. The variable 𝑃𝐴𝑢𝑥 can be 

the ice class or open water value. The auxiliary engine specific fuel consumption is 

an output produced by the Whole Ship Model. The boiler consumption data used in 

this research comes from datasets funded by the Pisces Foundation and EPSRC 

(Pisces Foundation, 2016b; Smith et al., 2016). Public sources for boiler 

consumption can be obtained from the IMO’s GHG studies (Smith et al., 2014; Faber 

et al., 2020). All mentioned datasets are obtained from satellite observations 

however the earlier data is used here because the values are more precise given 

that they are quoted with larger significant figures. The values used to obtain the 
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results here are 0.7, 1.9 and 2.2 tonnes per day. Given the assumption that boiler 

loads do not vary tonnes per day is still a valid unit (Faber et al., 2020). This 

assumption is supported by observations of shipping consumption and is validated in 

Chapter 6 (Smith et al., 2014; Faber et al., 2020). The boiler consumption for route 𝐴 

in the polar section is introduced. 

 

 𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐 = ∑ 𝐹𝐶𝐵𝑜𝑖𝑙 ×
𝑟𝑖

24 × 𝑣𝑖

𝑝𝐴

𝑖 =1

 (5-35) 

 

The variable 𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐 is the annual boiler consumption for route 𝐴 in the polar 

section. The equation is an adaptation of eq. (5-33) but with unit boiler fuel 

consumption 𝐹𝐶𝐵𝑜𝑖𝑙 given in tonnes per day instead of grams per kilowatt hour 

multiplied against the time taken into transit from one point to another (in days). 

Calculating the time taken to transit across the Arctic routes is more straightforward 

in formulaic terms, but sea ice varies per month so each month would have a 

different value. The time spent transiting through the Arctic in a given month is given 

by the following equation. 

 

 𝑡𝐴𝑟𝑐𝑡𝑖𝑐  =  ∑
𝑟𝑖

24 × 𝑣𝑖

𝑝𝐴
𝑛𝑚

𝑖 = 1

 (5-36) 

 

The annual time spent transiting through Arctic route 𝐴 for a given month is defined 

to be 𝑡𝐴𝑟𝑐𝑡𝑖𝑐. Formulaically, it is simply a time is equal to distance divided by speed 

equation, with 24 converting the time from hours into days. The total number of 

geospatial points considered is divided by the number of months 𝑛𝑚 so that the 

number of geospatial points considered is per month of the navigable period, rather 

than for the whole year. Doing this for each month facilitates the construction of an 

array that contains the time spent transiting through the Arctic for each month. 

Nonetheless, the output of eq. (5-36) is a fraction of the total time spent at sea as the 
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time spent outside of the polar regions has not been considered. This is now 

addressed. The time spent in the open water section of the route is defined. 

 

 𝑡𝑂𝑊 =
𝑅𝑖𝑛𝑝 − 𝑅𝐴

24 × 𝑣𝐿
 (5-37) 

 

Where 𝑅𝑖𝑛𝑝 is the total input route length, 𝑅𝐴 is the route length of the route within the 

polar section. The variable 𝑅𝐴 is the total value found by summing 𝑟𝑖 for all points 

considered. All Arctic routes have the same open water route distance and hence 

take the same time. The variable 𝑡𝐴𝑟𝑐𝑡𝑖𝑐 can be rewritten. Port loading times are not 

considered as they are too small to affect the number of voyages (Hansen et al., 

2016). 

 

 𝑡𝐴𝑟𝑐𝑡𝑖𝑐 = {
𝑡𝐴𝑟𝑐𝑡𝑖𝑐 + 𝑡𝑂𝑊, if  𝑡𝐴𝑟𝑐𝑡𝑖𝑐  ≠  0

∞,                 if 𝑡𝐴𝑟𝑐𝑡𝑖𝑐  =  0 
 (5-38) 

 

Two conditions are added, where if the time taken to transit through the Arctic was 

zero then it is assigned an infinite value, this means that this month was deemed 

inaccessible to the modelled ship for a given month. Otherwise the time calculated in 

eq. (5-36) can be added to the calculated in eq. (5-38) to produce the total time 

spent transiting through an Arctic route in a given month. The reason for this 

distinction because by adding an infinite value, the model can advance towards 

estimating the number of voyages that the vessel can make each year. Recall that 

for the purposes of this investigation it was assumed that each month consists of 30 

days. Due to this assumption, it the window that the ship can operate through each 

month is also equal to 30. The number of transits that take place in a given month 

can be estimated.  

 

 𝑛𝑣 =
30

𝑡𝐴𝑟𝑐𝑡𝑖𝑐
 (5-39) 



 

 
162 

 

Where 𝑛𝑣 is the number of voyages for a given month. Summing the 𝑛𝑣 value for 

each calendar month produces the total number of transits through the Arctic each 

year. The variable 𝑛𝐴 is obtained through the sum of 𝑛𝑣 across 12 months.  

  

 𝑛𝐴 =  ∑ 𝑛𝑣

12

1

  (5-40) 

 

The total annual number of voyages for Arctic route 𝐴 is 𝑛𝐴. This value would depend 

on whether the navigable period from eq. (5-2) or eq. (5-16) is used. This parameter 

can be used to estimate the fuel consumption of the main engine, auxiliary engine 

and boiler for the sections of an Arctic route that are outside of the defined Arctic 

region.  

 

 𝐹𝑀𝐸,𝑂𝑊 =  24 × 𝑛𝐴 × 𝑡𝑂𝑊 × 𝑃𝐿 × 𝑠𝑓𝑐𝐿 (5-41) 

 

The parameter 𝐹𝑀𝐸,𝑂𝑊 is the annual main engine fuel consumption for the open 

water section of a route, 𝑛𝐴 is the annual number of voyages, 𝑡𝑂𝑊 is the time spent in 

days operating in open water for one voyage 𝑃𝐿 is the main engine power when the 

engine is operating at load 𝐿 and 𝑠𝑓𝑐𝐿 is the main engine specific fuel consumption 

when the engine is operating at the same load.  

 

 𝐹𝐴𝑢𝑥,𝑂𝑊 =  24 × 𝑛𝐴 × 𝑡𝑂𝑊 × 𝑃𝐴𝑢𝑥 × 𝑠𝑓𝑐𝐴𝑢𝑥 (5-42) 

 

The parameter 𝐹𝐴𝑢𝑥,𝑂𝑊 is the annual auxiliary engine fuel consumption for the open 

water section of a route, 𝑛𝐴, 𝑡𝑂𝑊 retain the same definitions as previously. The 

auxiliary engine power is 𝑃𝐴𝑢𝑥 and the corresponding specific fuel consumption is 

𝑠𝑓𝑐𝐴𝑢𝑥. 
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 𝐹𝐵𝑜𝑖𝑙,𝑂𝑊 =  𝑛𝐴 × 𝑡𝑂𝑊 × 𝐹𝐶𝐵𝑜𝑖𝑙 (5-43) 

 

The parameter 𝐹𝐵𝑜𝑖𝑙,𝑂𝑊 is the annual boiler engine consumption for the open water 

section of a route, 𝑛𝐴, 𝑡𝑂𝑊 retain the same definitions as previously. The variable 

𝐹𝐶𝐵𝑜𝑖𝑙 is the boiler fuel consumption rate in tonnes per day. Now the total annual fuel 

consumption for the Arctic routes can be found.  

 

 𝐹𝑀𝐸,𝐴 = 𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 +  𝐹𝑀𝐸,𝑂𝑊 (5-44) 

 

With both the Arctic and open water sections of the Arctic routes modelled in terms 

of fuel consumption, the total fuel consumption can be defined to be 𝐹𝑀𝐸,𝐴  which is 

the sum of the main engine fuel consumption in the polar section of the route 

𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 and the polar section 𝐹𝑀𝐸,𝑂𝑊. 

 

 𝐹𝐴𝑢𝑥,𝐴 =  𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐 +  𝐹𝐴𝑢𝑥,𝑂𝑊 (5-45) 

 

The total auxiliary engine fuel consumption is 𝐹𝐴𝑢𝑥,𝐴 and is the sum of the auxiliary 

engine consumption in the polar section of a route 𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐 and non-polar section 

𝐹𝐴𝑢𝑥,𝑂𝑊. 

 

 𝐹𝐵𝑜𝑖𝑙,𝐴  =  𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐 + 𝐹𝐵𝑜𝑖𝑙,𝑂𝑊 (5-46) 

 

The total boiler consumption is given by 𝐹𝐵𝑜𝑖𝑙,𝐴 which is the sum of the boiler 

consumption in the polar section 𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐 and non-polar section 𝐹𝐵𝑜𝑖𝑙,𝑂𝑊. Open 

water fuel consumption is simply a product of the energy consumption in kilowatt 

hours with the specific fuel consumption. It is a more straightforward calculation as it 
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is assumed that the operating performance does not change unless sea ice is 

present. Therefore, the total fuel consumption for Arctic transits is the sum of the 

annual fuel consumption in the section of Arctic route 𝐴 that is outside the polar 

section with the annual fuel consumption within the polar section. These equations 

represent the total main engine, auxiliary engine and boiler fuel consumption for 

year-round Arctic transits. When an Arctic route is combined with the Suez Canal 

Route, the fuel consumed when transiting through the Suez Canal Route still needs 

to be calculated. This is outlined in the next section. 

Lastly, because 𝑡𝐴𝑟𝑐𝑡𝑖𝑐 is a column vector containing the time spent at sea per month 

during a calendar year, summing the values gives the total time spent at sea.  

 

 𝑡𝐴 =  ∑ 𝑡𝐴𝑟𝑐𝑡𝑖𝑐

12

1

  (5-47) 

 

The variable 𝑡𝐴 has been produced by summing the column vector across all 12 

months to produce the annual time spent at sea along Arctic route 𝐴. Similar to 𝑛𝐴, 

its value depends on the behavioural scenario. The chapter can now progress to 

discussing the operating performance model for the Suez Canal Route.  

 

5.5.2. Suez Canal Route Operating Performance Model 
 

This module calculates the Suez fuel consumption for cases when the Suez Canal 

Route is combined with an Arctic route (Scenario 2). These equations also apply for 

year-round transits through the Suez Canal Route (Scenario 3). For combining Arctic 

with Suez Canal Route transits, additional equations are required for the times in the 

year that the vessel is operating through the Suez Canal Route. The time left for 

transiting through the Suez Canal can be calculated.  

  

 𝑡𝑠2 =  𝑡𝑑  − 𝑡𝐴 (5-48) 
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Where 𝑡𝑆2 is the remaining time that the vessel has to transit through the Suez, 

based on the difference between 𝑡𝑑  (the days spent at sea) and 𝑡𝐴 the total time 

spent transiting through an Arctic route in a given year. The annual number of 

voyages can be estimated for this scenario.  

 

 
𝑛𝑠2 ≈

𝑡𝑠2

(
𝑅𝑆

24𝑣𝐿
)
 

(5-49) 

 

The number of voyages through the Suez Canal Route each year when combining 

Arctic and Suez transits is defined as 𝑛𝑆2 and is equal to 𝑡𝑆2 divided by the fraction 

𝑅𝑆

24𝑣𝐿
 where 𝑅𝑆 is the Suez Canal Route length and 𝑣𝐿 is the operating speed of the 

ship when the engine is operating at load 𝐿. The value is rounded to the nearest 

integer because it is assumed that all voyages are completed. This fraction 

represents the time taken to complete one voyage through the Suez Canal. The 

profile for year-round transits through the Suez Canal Route is the simplest when 

compared with the other cases. Rather than build an array consisting of the 

accessible and inaccessible months, the days spent at sea is simply adjusted 

according to the route length.  

 

 
𝑛𝑠 ≈

𝑡𝑑

(
𝑅𝑆

24𝑣𝐿
)
 

(5-50) 

 

The annual number of voyages under Scenario 3 is given by 𝑛𝑠, this is rounded to 

the nearest integer since the model assumes that all voyages are completed. This 

ensures consistency with the voyages. The route length in nautical miles is 𝑅𝑆 and 

the variables 𝑡𝑑 and 𝑣𝐿 are still the days spent at sea and operating speed based on 

engine load 𝐿 in knots. 
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 𝑡𝑆 = 𝑛𝑠 × (
𝑅𝑆

24𝑣𝐿
) (5-51) 

 

Since 𝑛𝑠 is an integer, the days spent at sea must be adjusted to a new figure 𝑡𝑆. 

This is also true for the days spent at sea through the Suez Canal Route under the 

scenario where it is combined with Arctic transits. Therefore, substituting 𝑛𝑠 with 𝑛𝑠2 

in eq. (5-51) produces 𝑡𝑠2. This is because 𝑛𝑠2 was also rounded to the nearest 

integer. For Scenario 2, in addition to eqs. (5-44), (5-45) and (5-46) the Suez fuel 

consumption must also be accounted for because transits through the Suez Canal 

Route are combined with transits through the Arctic.  

 

 𝐹𝑀𝐸,𝑠2 = 24 × 𝑡𝑠2 × 𝑃𝐿 × 𝑠𝑓𝑐𝐿 (5-52) 

 

Here, 𝐹𝑀𝐸,𝑠2  is the total annual main engine fuel consumption for transits through the 

Suez Canal Route when either this route is combined with transits through an Arctic 

route or when it is used exclusively. The variable 𝑡𝑠2 is the total time spent at sea 

using the Suez Canal Route, this value may vary depending on whether it is 

combined with an Arctic route or used year-round. The variables 𝑃𝐿 and 𝑠𝑓𝑐𝐿 retain 

their previous definitions.  

 

 𝐹𝐴𝑢𝑥,𝑠2 = 24 × 𝑡𝑠2 × 𝑃𝐴𝑢𝑥 × 𝑠𝑓𝑐𝐴𝑢𝑥 (5-53) 

 

The total auxiliary engine fuel consumption for transits through the Suez Canal 

Route when it is combined with the Arctic routes is given by 𝐹𝐴𝑢𝑥,𝑠2. The parameters 

𝑡𝑠2, 𝑃𝐴𝑢𝑥 and 𝑠𝑓𝑐𝐴𝑢𝑥 have the same definitions as previously.  

 

 𝐹𝐵𝑜𝑖𝑙,𝑠2 = 𝑡𝑠2 × 𝐹𝐶𝐵𝑜𝑖𝑙 (5-54) 
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The total boiler fuel consumption for transits through the Suez Canal Route when it is 

combined with the Arctic routes is given by 𝐹𝐵𝑜𝑖𝑙,𝑠2. The parameters 𝑡𝑠2, and 𝐹𝐶𝐵𝑜𝑖𝑙 

have the same definitions as previously. To obtain the fuel consumption for year 

round Suez Canal Route transits, eqs. (5-52), (5-53) and (5-54) are used, except that 

𝑡𝑠 is taken directly from eq. (5-51). 

 

 𝐹𝑀𝐸,𝐴2 = 𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 +  𝐹𝑀𝐸,𝑂𝑊 + 𝐹𝑀𝐸,𝑠2 (5-55) 

 

For cases when the Arctic and Suez routes are combined, 𝐹𝑀𝐸,𝐴2 is redefined to be 

the total main engine fuel consumption which is the sum of the variable 𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 

with 𝐹𝑀𝐸,𝑂𝑊 and 𝐹𝑀𝐸,𝑠2. The variables 𝐹𝑀𝐸,𝐴𝑟𝑐𝑡𝑖𝑐 , 𝐹𝑀𝐸,𝑂𝑊 and 𝐹𝑀𝐸,𝑠2 retain their 

previous definitions.  

 

 𝐹𝐴𝑢𝑥,𝐴2 =  𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐 + 𝐹𝐴𝑢𝑥,𝑂𝑊+ 𝐹𝐴𝑢𝑥,𝑠2  (5-56) 

 

The parameter 𝐹𝐴𝑢𝑥,𝐴2 is redefined to be the total auxiliary engine fuel consumption 

by summing together the previous definition 𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐 to 𝐹𝐴𝑢𝑥,𝑂𝑊 and 𝐹𝐴𝑢𝑥,𝑠2. The 

variables 𝐹𝐴𝑢𝑥,𝐴𝑟𝑐𝑡𝑖𝑐, 𝐹𝐴𝑢𝑥,𝑂𝑊 and 𝐹𝐴𝑢𝑥,𝑠2 have the same definition as before. 

 

 𝐹𝐵𝑜𝑖𝑙,𝐴2  =  𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐 + 𝐹𝐵𝑜𝑖𝑙,𝑂𝑊  + 𝐹𝐵𝑜𝑖𝑙,𝑠2 (5-57) 

 

Likewise, the same applies for boiler fuel consumption in this scenario. The total 

boiler fuel consumption is given by the addition of the previous version of 𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐 

to 𝐹𝐵𝑜𝑖𝑙,𝑂𝑊 and 𝐹𝐵𝑜𝑖𝑙,𝑠2. The variables 𝐹𝐵𝑜𝑖𝑙,𝐴𝑟𝑐𝑡𝑖𝑐, 𝐹𝐵𝑜𝑖𝑙,𝑂𝑊 and 𝐹𝐵𝑜𝑖𝑙,𝑠2 keep the same 

definitions.  
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5.6. Fuel Cost Profile 
 

5.6.1.  Specific Fuel Consumption – Fuel Type 
 

This thesis only considers six fuel and engine combinations as they are either widely 

in use, remain a niche but attract interest from industry or are being considered by 

important stakeholders. Modelling each fuel requires undertaking an analysis into 

what engine would be compatible with the considered fuel and what that means in 

terms of how efficiencies may change. It also means understanding how the physical 

and chemical properties of the fuel would affect both the operating and commercial 

performance of the ship. Whilst the list of fuels considered by the model is finite, 

considering more fuels with the level of rigour required for a credible analysis is not 

possible given the limited timeframe. Nonetheless, it is hoped that in future the 

proposed architecture can be used and expanded upon to include more fuels.   
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Table 5-4. Engine – fuel pairs considered in this thesis, along with their 

corresponding justification and source. 

Considered engine/fuel Description/Justification Source 

2-stroke/LSHFO 

A residual fuel oil with 

low sulphur content. A 

fuel oil that is compatible 

with the IMO sulphur cap 

(IMO, 2019b) 

2-stroke/MDO 

An HFO and gasoil 

blend. Slightly higher 

energy content and lower 

air pollutant emission 

factors 

(Gilbert et al., 2018) 

2-stroke/LNG 

Liquefied natural gas, 

argued to be a ‘transition’ 

fuel. An alternative fuel 

considered by industry 

and uptaken by niche 

sectors 

(Sea/LNG, 2019; 

Clarksons, 2020a, 

2020b) 

2-stroke/NH3 

Ammonia combustion 

engine combination. A 

potentially competitive 

zero carbon fuel 

(Lloyd’s Register and 

UMAS, 2017; Englert et 

al., 2021a) 

Fuel cell/NH3 

An ammonia fuel cell. 

Zero emission 

engine/Potentially 

competitive fuel 

combination 

(Wilson et al., 2019; 

Lloyd’s Register and 

UMAS, 2020) 

 

Table 5-4 shows that the considered engine – fuel pairs range from fossil fuels to 

zero emission vessels. Notable omissions are hydrogen and methanol. Two reasons 

for omitting these fuels are their similarities with ammonia and LNG in terms of their 

efficacies in addressing emissions, and their lower economic competitiveness 
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relative to ammonia and LNG (Smith et al., 2019b). This is because for methanol to 

become zero carbon it would have to be produced from a process that negates its 

operational emissions. This process would likely be expensive and make it 

uncompetitive (Lloyd’s Register and UMAS, 2019a; Smith et al., 2019b). Ammonia is 

preferred over hydrogen because hydrogen requires more energy to be refrigerated 

and would need a larger storage space which can reduce a vessel’s cargo carrying 

capacity (Englert et al., 2021a).  

Due to the significance of climate change, this thesis argues that upstream 

emissions cannot be overlooked as they constitute a significant component of total 

emissions (Myhre et al., 2013a; UNFCCC, 2014). There are multiple production 

pathways which can be undertaken in the upstream process that contribute to a net 

reduction in GHG emissions. Pathways can involve biomass, and renewable 

electricity feedstocks which when combined with certain chemical processes and 

carbon capture technologies can produce negative upstream CO2 emissions, 

offsetting a vessel’s operational emissions (Lloyd’s Register and UMAS, 2019a). Due 

to these processes, it has been argued that certain fuels such as LNG can serve as 

a transition fuel, until the infrastructure for zero carbon fuels develop. However, 

recent evidence suggests that these pathways are unlikely to ever become 

competitive due to reservations on the source and availability of feedstocks and the 

manufacturing process involving a larger amount of steps, increasing production 

costs (Baresic et al., 2018; Englert et al., 2021c). This makes bio and electrofuels 

less competitive. Lastly, there is considerable uncertainty and risk attributed to the 

efficacy of biofuels in addressing climate change due to land use change. When 

considering land use change emissions, upstream biofuel emissions may be 

significantly higher than anticipated. Land use change involves switching from 

agricultural to biofuel feedstock production and how this may affect other areas is 

beyond the scope of this study (Brynolf, Fridell and Andersson, 2014; Valin et al., 

2015; Gilbert et al., 2018; Lloyd’s Register and UMAS, 2020). Therefore, biofuels are 

not considered.  
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Table 5-5 Fuels and their corresponding changes to fuel consumption. Source: 

(Wilson et al., 2019; Faber et al., 2020) 

Fuel 
Specific fuel consumption 

ratio (2-stroke/HFO base) 

2-stroke/LSHFO 1 

2-stroke/MDO 0.94 

2-stroke/LNG 148/𝑠𝑓𝑐𝑀𝐸 

2-stroke/NH3 391/ 𝑠𝑓𝑐𝑀𝐸 

Fuel cell/NH3 456/ 𝑠𝑓𝑐𝑀𝐸 

 

Table 5-5 shows the specific fuel consumption ratio for each operating – fuel pair. 

The value 𝑠𝑓𝑐𝑀𝐸 is the ice class or open water main engine specific fuel 

consumption produced by eq. (5-7) or the Whole Ship Model respectively. This value 

would be bespoke to a particular ship design so a definitive value cannot be quoted. 

The numerators are obtained from studies which analyse the physical and chemical 

properties of each fuel, in addition to how they react in different engines. The specific 

fuel consumption ratio is dimensionless. A definitive answer cannot be given for LNG 

and ammonia because the main engine changes and the Whole Ship Model 

provides different specific fuel consumption value for different ship designs. 

However, assuming the default value is 185gkWh-1 then the value for LNG would be 

0.8 as this is what 148 divided by 185 would be equal to. A specific value can be 

given for MDO because the engine stays the same, so the only change comes from 

the higher energy density of MDO. The concept and formulae for inferring the main 

engine specific fuel consumption and deadweight loss per tonne can be found in 

Raucci, (2017). The inputs to the formulae can be found when reviewing the 

assessments on the efficacy of alternative fuels and engine efficiencies (Ogden, 

Steinbugler and Kreutz, 1999; Brynolf, Fridell and Andersson, 2014; Gilbert et al., 

2018; Kim et al., 2020a).  
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5.6.2.  Fuel Price Data 
 

The fuel prices depend largely on production, dispension and transportation costs 

and there are still large uncertainties over how they may unfold (Brynolf, Fridell and 

Andersson, 2014; E4tech, 2019; Smith et al., 2019a).  

 

Table 5-6. Fuel prices used in this project, for each fuel and year. The units are in 

US $2020 per tonne, as this corresponds with the earliest year considered by the 

model. 

Fuel 2020 ($2020 tonne-1) 2035 ($2020 tonne-1) 2050 ($2020 tonne-1) 

Low Sulphur 

Heavy Fuel Oil 

372 498 498 

Marine Diesel Oil 517 725 725 

LNG 629 785 785 

Blue ammonia n.a 655 655 

Green ammonia n.a 1,110 1,110 

 

Table 5-6 shows the fuel prices used for this investigation. These prices were 

obtained from Smith et al., (2019a) since it was used to inform the UK’s net zero 

ambition for the maritime industry (Department for Transport, 2019). The prices are 

derived from the cost of producing the fuel, distributing it and transporting it to 

locations that dispense them. The fuel prices were converted from £2015 into US $2020 

for consistency with the other costs. The fuel prices are based on government 

guidance and represent upper bound values. The values are derived from 

projections on feedstock prices such as oil and natural gas (Department for 

Business, Energy & Industrial Strategy, 2017). One assumption used by the UK 

government is that prices after 2040 are assumed to be constant. This explains why 

there is no change in the projections from 2035 onwards. Green ammonia is more 

expensive than blue ammonia because of the higher capital costs associated with 

the manufacturing infrastructure (E4tech, 2019). Other publicly available sources can 

be used to obtain or deduce fuel prices (Lloyd’s Register and UMAS, 2019a, 2020; 

Faber et al., 2020).  
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5.6.3.  Fuel Cost Model 
 

Since fuel consumption for all behaviours and routes have been estimated in the 

previous two sections, fuel costs can be easily estimated. Fuel costs can be obtained 

from multiplying the fuel price with the estimated fuel consumption.  

 

 𝐶𝑀𝐸,𝑗 = 𝑝𝑓𝑢𝑒𝑙 × 𝐹𝑀𝐸 × 𝑅𝑎𝑡𝑗 (5-58) 

 

The parameter 𝐶𝑀𝐸,𝑗 is the annual main engine fuel cost for engine – fuel 

combination 𝑗. The corresponding fuel price in US $2020 tonne-1 is 𝑝𝑓𝑢𝑒𝑙 and 𝑅𝑎𝑡𝑗 is 

the specific fuel consumption ratio for the engine – fuel combination. Both values are 

exhibited in Table 5-6 and Table 5-5 respectively. Lastly, 𝐹𝑀𝐸 is the main engine fuel 

consumption based on a 2-stroke/HFO engine – fuel combination. Its value depends 

on the behavioural scenario (year-round through the Arctic 𝐹𝑀𝐸,𝐴, combining the 

Arctic with the Suez Canal Route 𝐹𝑀𝐸,𝐴2 or year-round through the Suez Canal 

Route). 

 

 𝐶𝐴𝑢𝑥,𝑗 = 𝑝𝑓𝑢𝑒𝑙 × 𝐹𝐴𝑢𝑥 × 𝑅𝑎𝑡𝑗 (5-59) 

 

This equation gives the annual auxiliary fuel cost 𝐶𝐴𝑢𝑥,𝑗. The parameter 𝐹𝐴𝑢𝑥 is the 

annual auxiliary engine consumption, its value depends on the behavioural scenario. 

Similar to the main engine fuel consumption 𝐹𝑀𝐸, 𝐹𝐴𝑢𝑥 depends on the behavioural 

scenario.  

 

 𝐶𝐵𝑜𝑖𝑙,𝑗 = 𝑝𝑓𝑢𝑒𝑙 × 𝐹𝐵𝑜𝑖𝑙 × 𝑅𝑎𝑡𝑗 (5-60) 

 

This equation produces the annual boiler cost 𝐶𝐵𝑜𝑖𝑙,𝑗. The parameter 𝐹𝐵𝑜𝑖𝑙 is the 

annual boiler consumption, its value depends on the behavioural scenario.  



 

 
174 

 

 𝐶𝐹𝑢𝑒𝑙,𝑗 = 𝐶𝑀𝐸,𝑗 + 𝐶𝐴𝑢𝑥,𝑗 + 𝐶𝐵𝑜𝑖𝑙,𝑗 (5-61) 

 

Eq. (5-61) shows how the total fuel cost is calculated by the model. The total annual 

fuel cost is 𝐶𝐹𝑢𝑒𝑙,𝑗. This is the sum of 𝐶𝑀𝐸,𝑗, 𝐶𝐴𝑢𝑥,𝑗 and 𝐶𝐵𝑜𝑖𝑙,𝑗. If the vessel is modelled 

to transit year-round through the Arctic then the value is calculated from eqs. (5-44), 

(5-45) and (5-46). If an Arctic route is combined with the Suez Canal Route, then the 

fuel consumption values 𝐹𝑀𝐸, 𝐹𝐴𝑢𝑥 and 𝐹𝐵𝑜𝑖𝑙 are calculated from eqs. (5-55), (5-56) 

and (5-57) is used. For year-round transits through the Suez Canal Route, 𝐹𝑀𝐸, 𝐹𝐴𝑢𝑥 

and 𝐹𝐵𝑜𝑖𝑙 can be substituted with values calculated from eqs. (5-52), (5-53) and 

(5-54) when 𝑡𝑠 is used. The commercial performance is now discussed.  

 

5.7. Commercial Performance 
 

5.7.1. Cost Inputs 
 

In this model, a time charter relationship is assumed. This is because time charter 

relationships mitigate against market risk by having longer arrangements relative to 

the alternative charter arrangements. Furthermore, a time charter arrangement 

balances the risk between owner and charterer (Rehmatulla, 2014). Bareboat 

charters are another alternative but are principally used by financial institutions 

(Stopford, 2008). The following table categorises the costs considered in this model.   
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Table 5-7. Costs considered by the model and the categories they have been 

assigned to. Adapted from Stopford, (2008). 

Voyage Costs Capital Costs Operating Costs 

Fuel Costs Down payment Crew fees 

Port Dues Annuities Maintenance costs 

Route Tariffs Depreciation Insurance  

Charter Rates Additional Unit Costs Additional Through Life 

Costs 

Opportunity Cost    

 

Table 5-7 lists all the costs that are considered by the techno-economic model. For a 

voyage charter, the charterer pays the shipowner on a per-tonne or lump sum basis, 

the shipowner is then responsible for all voyage, capital and operating costs. Under 

a bareboat charter, the charterer is responsible for voyage and operating costs and 

the shipowner for capital expenses. With the assumed time charter relationship, the 

shipowner accounts for both capital and operating expenses and the charterer for 

the voyage expenses.  

 

5.7.1.1. Voyage Cost Inputs 
 

Since fuel costs have been discussed in the previous section, port dues are 

discussed first. A port fee of $1.4/deadweight tonne is taken from Stopford, (2008). 

Whilst port dues vary with each individual port, this value was selected as it was 

obtained from an empirical case and used as a general fee in another study 

(O’Keefe, 2018). Route tariffs will depend on whether the route is over the Arctic or 

through the Suez Canal. For Arctic routes, an icebreaker fee is applied alongside an 

ice pilot fee. For the Suez Canal Route a Suez Canal fee is incurred. Since only the 

eastern half of the Arctic is considered, it is assumed that the Arctic routes are 

governed by the Russian Northern Sea Route Administration. The next table outlines 

the icebreaker costs.   
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Table 5-8. Icebreaking tariffs for winter, summer and open water ships. 

Gross 

tonnage 

(gt) 

Winter fee (US $2020 

Voyage-1) 

Summer fee (US $2020 

Voyage-1) 

Open water fee (US $2020 

Voyage-1) 

10,000 270,000 108,000 216,000 

20,000 481,000 192,000 385,000 

30,000 541,000 216,000 433,000 

40,000 721,000 288,000 577,000 

50,000 751,000 300,000 601,000 

60,000 901,000 360,000 721,000 

70,000 1,051,000 421,000 841,000 

80,000 1,202,000 481,000 961,000 

90,000 1,352,000 541,000 1,081,000 

 

Table 5-8 shows how the icebreaker fee is considerably more expensive for open 

water vessels and vessels that transit through the Arctic during the winter. Values 

can be linearly interpolated based on a vessel’s specific gross tonnage. The fees can 

be obtained from the Northern Sea Route Administration website (NSRA, 2021). The 

icebreaking fee is more nuanced than the Suez fee because it is dependent on the 

season in addition to the ice class of the vessel. Both price settings can probably be 

explained by the icebreaker completing more work during winter months and for 

open water ships. For year-round Arctic transits (Scenario 1), both winter and 

summer fees must be considered. Ice pilot fees are also compulsory and entail 

paying for a specialist navigator of the Arctic.  
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Table 5-9. List of the ice pilot fees based on the vessel’s gross tonnage. 

Gross tonnage (gt) Ice pilot fee (US $2020 Voyage-1) 

<= 5,000 5,920 

5,000 < gt <= 10,000 6,580 

10,000 < gt <= 20,000 7,310 

20,000 < gt <= 40,000 8,130 

40,000 < gt <= 100,000 9,040 

100,000 < gt 10,000 

 

Table 5-9 shows that the ice pilotage fee is considerably smaller than the icebreaker 

fees. It also shows the service is independent of the season and depends on the 

vessel size. These two observations may be due to the service being less resource 

intensive. For the Suez tariff, a range of tariffs which vary with the Suez Canal Net 

Tonnage was gathered from the Suez Canal Authority. It is assumed that gross 

tonnage can be a proxy for the Suez Canal Net Tonnage (Leth Agencies, 2018; 

Suez Canal Authority, 2020b).  
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Table 5-10. Dry bulker Suez Canal fees per voyage based on gross tonnage. 

Gross tonnage (gt) Suez tariff (US $2020 Voyage-1) 

10,000 85,900 

20,000 137,000 

30,000 174,000 

40,000 210,000 

50,000 244,000 

60,000 279,000 

70,000 313,000 

80,000 340,000 

90,000 367,000 

100,000 394,000 

 

Table 5-10 shows the Suez fees for dry bulkers, there is a linear relationship 

between the Suez Canal fee and the gross tonnage. Gross tonnage is used as a 

proxy for Suez Canal Net Tonnage (Leth Agencies, 2018). All fees can be found on 

the Suez Canal Authority or other commercial websites (Leth Agencies, 2018; Suez 

Canal Authority, 2020b). Similar to the icebreaker fee, the value can be linearly 

interpolated based on a vessel’s specific gross tonnage. 
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Table 5-11. Containership Suez Canal fees per voyage based on vessel gross 

tonnage. 

Gross tonnage (gt) Suez tariff (US $2020 Voyage-1) 

10,000 93,700 

20,000 155,000 

30,000 178,000 

40,000 201,000 

50,000 222,000 

60,000 243,000 

70,000 264,000 

80,000 283,000 

90,000 302,000 

100,000 322,000 

 

Table 5-11 shows the Suez fees for container ships. For larger ships the fee is less 

than they are for dry bulkers. They are slightly higher than they are for larger bulk 

carriers, but higher than smaller bulk carrier fees. The fees are calculated using 

linear interpolation.  
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Table 5-12. Suez Canal fee for tankers. Similar to the other tables, it is based on 

gross tonnage.  

Gross tonnage (gt) Suez tariff (US $2020 Voyage-1) 

10,000 86,900 

20,000 139,000 

30,000 165,000 

40,000 191,000 

50,000 215,000 

60,000 238,000 

70,000 261,000 

80,000 281,000 

90,000 301,000 

100,000 321,000 

 

Table 5-12 shows the Suez Canal fees for tankers. The fee per voyage follows a 

similar pattern to the fee for container ships. They can also be linearly interpolated 

based on a vessel’s gross tonnage.  

Time charter rates depend on the vessel type and market it operates in. They are 

obtained from data used by UCL’s Global Transport Model and Clarkson’s Shipping 

Intelligence Network (Smith, 2012; Clarksons, 2020a). The time charter 

arrangements are assumed to remain fixed with time because the market conditions 

do not change. They are also independent of route selection. What this means is that 

the same charter rate is applied to ships that transit through the Arctic or the Suez 

Canal Route. In practice they increase and decrease in cycles due to the changes in 

shipping supply and demand and considering how it fluctuates may be a useful area 

for further work (Stopford, 2008). Since the rates are fixed with time, they are of little 

influence on the outcome produced by the model. However, they are still included for 

completeness. The values used by this model are taken from those used by UCL’s 



 

 
181 

Global Transport Model (Raucci, 2017; Wilson et al., 2019). However, charter rates 

can be obtained from the Clarkson’s Shipping Intelligence Network (Clarksons, 

2020a). The time charter rates for bulkers depend on the size of the ship in terms of 

its deadweight and length of the arrangement. 

 

Table 5-13. Range of charter rates for dry bulkers and corresponding deadweight 

tonnage.  

Deadweight (tonnes) Charter rate (US $2020 day-1) 

3,700 4,700 

12,00 5,600 

45,000 9,800 

74,000 14,000 

160,000 22,000 

230,000 29,000 

 

Table 5-13 shows how the charter rate increases with the size of the ship. The size 

of the ship in terms of deadweight tonnage indicates the market the ship operates in, 

larger bulk carriers will transport different commodities to smaller ones. Whilst ships 

larger than 200,000 deadweight tonnage are not considered in this thesis values 

greater than this are still included in the table to make the dataset as large as 

possible and facilitate interpolation for all considered sizes. Similar to the other 

inputs, specific charter rates can be interpolated depending on the deadweight of the 

ship using values from Table 5-13. For container ships some of the charter rates had 

to be extrapolated due to a lack of data.   
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Table 5-14. Charter rates for container ships based on number of TEUs carried. 

Capacity (TEUs) Charter rate (US $2020 day-1) 

280 5,400 

530 6,400 

1,300 8,200 

2,200 12,000 

3,100 16,000 

5,200 24,000 

7,900 33,000 

12,000 48,000 

15,000 56,000 

 

Table 5-14 shows the charter rates across the different ship sizes. Underlined values 

were extrapolated based on the non-underlined values using a linear technique. This 

was due to a lack of data on charter rates for these ship types. Taking the annual 

average time charter rate across the available dataset from Clarksons Shipping 

Intelligence Network, it can be observed that the extrapolated values are in the same 

ballpark. 

 

Table 5-15. The three year charter rate extracted from Clarksons Shipping 

Intelligence Network. This charter length was selected because it falls within the 

average charter period used by container ships (Clarksons, 2020a).  

TEU Charter rate (US $ day-1) 

6,800 29,000 

9,000 42,000 

 

Table 5-15 shows that the charter rates fall within range of the approximated values 

from the previous table. Data on charter rates for larger container ships are not 

available because the number of vessels that come at sizes. This may be because 

the construction of increasingly larger container ships is a relatively new 

phenomenon and there is a lack of empirical data on their behaviour (Clarksons, 
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2020a). The annual average was taken to account for the fact that markets are 

sensitive to sudden changes in supply or demand (Stopford, 2008; Hand, 2020). This 

happened in 2021 over supply chain issues with COVID and the Suez Canal for 

example (Clarksons, 2020a). Given that the same charter rates apply to both Arctic 

and Suez Canal Routes and the assumption that they are fixed with time charter 

rates cannot influence the outcome of this investigation. This is because the model is 

assessing the performance of Arctic shipping relative to the Suez Canal, as opposed 

to looking at absolute values. For tankers the charter data has a similar structure to 

the bulker data. 

 

Table 5-16. Charter rate for tankers based on deadweight. 

Deadweight (tonnes) Charter rate (US $2020 day-1) 

4,000 10,000 

39,000 13,000 

66,000 17,000 

100,000 19,000 

150,000 26,000 

300,000 32,000 

 

Table 5-16 exhibits a similar trend to the trend seen with dry bulk charter rates where 

larger ships command higher charter rates. Similar to bulkers, values for ships larger 

than 200,000 deadweight tonnage are included to expand the dataset and facilitate 

interpolation for all possible tanker sizes. The last voyage cost input is opportunity 

cost, this comes from the loss of deadweight tonnage due to increases in the ship’s 

lightweight for the ice class equivalent design but also the increase in the fuel 

storage space. In total there are only three inputs required to deduce this cost, the 

freight rate, specific energy capacity of HFO and fuel mass per deadweight tonne of 

a ship.   
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Table 5-17. Key input parameter values gathered from multiple sources. 

Parameter Value Source 

δHFO Residual fuel mass per deadweight 

tonne (t dwt-1) 

0.053 (Faber et al., 

2020) 

eHFO Specific energy capacity of HFO (kWh 

kg-1) 

11.17 (Faber et al., 

2020) 

p𝑟𝑎𝑡𝑒 (US$ dwt-1) 20 – Dry bulkers 

107 – Containers 

21 – Tankers 

(Clarksons, 

2020a) 

 

Table 5-17 lists the parameter values used to estimate the storage cost for a given 

ship design. The residual fuel mass per deadweight tonne is used in an equation to 

estimate the fuel mass of a vessel based on its deadweight. The value is obtained 

from the 4th GHG study (Faber et al., 2020). The specific energy capacity of HFO 

can be obtained from the same source, the reason kWh per kg is used is because 

this is what is used to convert the fuel mass of a ship into the vessel’s energy 

storage capacity in terms of kWh. Lastly, the freight rates of ships that undertake 

trade from northwest Europe to east Asia are taken from the Clarksons Shipping 

Intelligence Network. The bulker rate is taken from a ship that transported coal from 

China to the Netherlands, the container rate is adapted from the Shanghai 

Containerised Freight index for the same route and the tanker rate is adapted from a 

lump sum for a fixture that transported liquid cargo from Japan to the Netherlands 

(Clarksons, 2020a). These values are representative of the type of rates that ships of 

the sizes considered in the results section would gain. Lastly the deadweight loss per 

megawatt hour of energy stored by the vessel’s tank needs to be known.   
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Table 5-18. Engine – fuel mix and the corresponding loss of deadweight tonnage per 

megawatt hour of energy stored by the ship. Adapted from Raucci, (2017) and Smith 

et al., (2019b). 

Fuel Deadweight loss (tMWh-1) 

2-stroke/LSHFO 0 

2-stroke/MDO 0 

2-stroke/LNG 0.09 

2-stroke/NH3 0.06 

Fuel cell/NH3 0.06 

 

Table 5-18 shows the loss of deadweight based on energy stored by the ship’s fuel 

tanks. The unit is tonnes per MWh stored by the fuel tanks. The loss is relative to a 

2-stroke/HFO ship. Modelling this into a cost is described in a later section. The input 

factors for capital are discussed next.  

 

5.7.1.2. Capital Cost Inputs 
 

An estimation of capital costs firstly begins with the assumption that the vessel 

purchase is financed through a loan. This is assumed because shipping is a capital 

intensive industry (Stopford, 2008). All vessel designs and their ice class equivalents 

are assumed to be newbuilds. For ice class ships, this is because the significant 

changes to the hull that are required to bring the open water vessel to an ice class 

standard make it unlikely that an open water ship could be retrofitted to an ice class 

one (Solakivi, Kiiski and Ojala, 2018, 2019). For alternative fuels, it is assumed that 

these vessels are also newbuilds but only changes to the engine and maintenance 

costs are modelled (in terms of fixed costs). This is because there is some research 

to suggest that newbuilds must be flexible enough to accommodate multiple 

alternative fuels through retrofitting to ensure resilience in the green energy transition 

and in case fuel supply chains are affected (Smith et al., 2019b; Lloyd’s Register and 

UMAS, 2020). Treating all vessels as newbuilds ensures consistency with changes 
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to the ship specifications and enables modelling capital cost equivalents between the 

different engine-fuel combinations. The following table shows the values assumed in 

this thesis.  

 

Table 5-19. Key parameters for estimating the capital cost of a ship design. 

Parameter Value Source 

𝑡𝑎𝑚 Loan term (years) 15 (Hansen et al., 2016) 

𝑑𝑝 Down payment (%) 30 (Liu and Kronbak, 2010; Hansen et al., 

2016) 

𝑟 Loan interest rate (%) 7 (Hansen et al., 2016) 

𝑡 Useful life (years) 25  (Stopford, 2008) 

 

Table 5-19 shows the assumed values for the financing of a newbuild ship. A down 

payment proportion of 30% is assumed, as is in Liu and Kronbak, (2010) and 

Hansen et al., (2016). Consequently, 70% of the asset is a liability that is financed 

through debt. The term of the debt is 15 years and an interest rate of 7% is assumed 

as is in Hansen et al., (2016). The useful life is assumed to be 25 years (Stopford, 

2008). The capital costs for the alternative engine – fuel is added on top of the 

vessel value.   
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Table 5-20. Capital cost input values for the considered alternative engine – fuel 

combinations. These values were obtained from Smith et al., (2019b) and Lloyd’s 

Register and UMAS, (2020) 

Engine - fuel 

Fuel 

density 

(kgm-3) 

Unit 

production 

cost (US 

$2020 MW-1) 

Storage cost (US 

$2020 kg-1) 

Technological 

maturity 

2-stroke/LSHFO 991 0 0 Mature 

2-stroke/MDO 837 0 0 Mature 

2-stroke/LNG 428 590,000 7,140 Semi – mature 

2-stroke/NH3 603 590,000 700 Immature 

Fuel cell/NH3 603 1,500,000 700 Immature 

 

Table 5-20 shows the values used when considering how adoption of alternative 

fuels alters the capital costs being modelled. The unit purchase cost refers to the unit 

cost of installing the main engine (Calleya, 2014). The storage cost refers to the cost 

of modifying the fuel tank of the vessel to fit the new fuel. The engine – fuel mixes 

are grouped into 3 categories – mature, semi mature and immature. For mature 

fuels, the additional costs incurred through adopting the technology do not change. 

Semi – mature fuels experience a 25% cost reduction in 2035 and ~30% reduction in 

2050, whereas immature fuels experience a 50% reduction in 2035 and 60% 

reduction in 2050 (Smith et al., 2019b). How these values are used to model capital 

costs is discussed in the modelling subsection of the commercial performance 

section.  
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5.7.1.3. Operating Cost Inputs 
 

Operating costs are the easiest to model as they are treated as being proportional to 

the vessel’s value. They are assumed to remain fixed with time. The operating cost 

inputs are summarised in the following table.  

 

Table 5-21. Operating cost input factors. Sourced from Furuichi and Otsuka, (2015) 

and Hansen et al., (2016). 

Parameter Value 

𝐶𝐶𝑟𝑒𝑤 Crew fee ($m) 1.2 

𝐶𝐼𝑛𝑠 Insurance fee (% of newbuild purchase value) 0.343 

𝐶𝑀𝑎𝑖𝑛𝑡 Maintenance fee (% of newbuild purchase 

value) 

1.095 

 

Table 5-21 shows the operating costs considered in this model. The $1.2m is 

indicative of the crew’s salaries, the insurance fee is assumed to be 0.343% of the 

vessel newbuild price. The maintenance fee is 1.095% of the vessel price. All values 

were taken from Furuichi and Otsuka, (2015) and Hansen et al., (2016). An 

additional operating cost is considered, the through life cost of a fuel cell – ammonia 

powered vessel. This is the additional cost of maintaining this technology. It is 

assumed to be an additional US $2020 170,000 annual fee (Smith et al., 2019b). It 

does not apply to the other engine – fuel combinations because they are still internal 

combustion engines. The next input factors considered by the model are emission 

factors. 

 

5.7.2.  Emission Factors 
 

Each fuel has different emission rates which depend on its chemical content, method 

of consumption and behaviour when consumed. Heavy Fuel Oil has the highest 

emission factors for air pollutants and GHGs, this is followed by LSHFO where the 

only difference between the emission factors relative to HFO is a lower value for 
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SOx. Marine Diesel Oil emits less air pollutants than residual fuel oils, but the GHG 

emissions are similar to HFO. The emission factors for alternative fuels produce 

substantially less air pollution but as LNG still consists of hydrocarbons, it still emits 

significant quantities of GHGs. Ammonia molecules consist solely of nitrogen and 

hydrogen therefore it is not possible to emit CO2 emissions, the small number of 

emissions which are produced are associated with combusting ammonia in an 

internal combustion engine. Under fuel cell propulsion ammonia is not being 

combusted, consequently conditions which facilitate the formation of NOx and other 

species are no longer met. When ships are powered by fuel cells they do not 

produce any operational emissions. 
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Table 5-22. Greenhouse gas mission factors for each engine and fuel combination. All units are in tonnes emitted per tonne of fuel 

consumed. Taken from Faber et al., (2020) and Smith et al., (2019a). 

Engine/Fuel 
CO2 

Op 

CO2 

Up 
CH4 Op CH4 Up N2O Op N2O Up 

Black 

carbon 

Op 

Black 

carbon 

Up 

2-stroke/HFO 3.02 0.34 0.00006 0.00319 0.00016 0 0.00026 0 

2-stroke/LSHFO 3.08 0.34 0.00006 0.003187816 0.00016 0.00000695 0.00026 0 

2-stroke/MDO 3.08 0.34 0.00006 0.0036 0.00015 0 0.00038 0 

2-stroke/LNG 2.75 0.33 0.0512 0.00103405 0.00011 0.000121385 0.000019 0 

2-stroke/NH3 0 0.23 0.000001628 0.000011851 0 0.00000684 0 0 

Fuel Cell/NH3 0 0.23 0 0.000011851 0 0.00000684 0 0 
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Table 5-23. Air pollutant emission factors for the same engine-fuel mixes. All units are in tonnes emitted per tonne of fuel 

consumed. These values were adopted from Smith et al., (2019a). 

Engine/Fuel SOx Op SOx Up NOx Op NOx Up PM2.5 Op PM2.5 Up 

2-stroke/HFO 0.0665 0.0019 0.093 0.001 0.00728 0.00007 

2-stroke/LSHFO 0.019 0 0.093 0 0.00426 0 

2-stroke/MDO 0.0019 0.002 0.08725 0.0011 0.00097 0.0001 

2-stroke/LNG 0.00002 0.001077814 0.00783 0.00069461 0.00018 0 

2-stroke/NH3 
0.000313

2 
0.001601 0.042804 0.00218 0.000004698 0.000131 

Fuel Cell/NH3 0 0.001601 0 0.00218 0 0.000131 
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Both Table 5-22 and Table 5-23 show operational and upstream emissions. 

Upstream emissions depend on how the fuel is extracted, produced and transported 

towards their respective destinations. They are particularly important for alternative 

fuels as they influence their efficacy in addressing problem stemming from 

emissions. The values used in Table 5-22 and Table 5-23 are obtained from various 

reports which research the upstream emissions involved in manufacturing fuels for 

ships (Brynolf, Fridell and Andersson, 2014; Gilbert et al., 2018; Lloyd’s Register and 

UMAS, 2019a; Smith et al., 2019b; American Bureau of Shipping, 2021). Under 

green scenarios, it is assumed that ammonia is manufactured using renewable 

electricity – as the narrative means that the required green electricity generation 

infrastructure is likely to have already been developed zero upstream emissions are 

assumed. Otherwise, it is assumed that ammonia is ‘Blue’ which means that it is 

manufactured using steam methane reformation with carbon capture storage. This is 

because steam methane reformation is expected to be a cheaper manufacturing 

process unless renewable electricity is widely available (Englert et al., 2021a). 

Carbon capture storage is approximately 90% efficient which is why there are still 

some upstream emissions associated with ammonia (IPCC, 2005). With all input 

factors required to model the commercial performance of the vessels, the model can 

now be discussed. 

 

5.7.3.  Commercial Performance Model 
 

5.7.3.1. Voyage Cost Model 
  

Since the fuel cost model has been described in section 5.6.3 they are not described 

here. Estimating the port dues is a straightforward calculation.  

 

 𝐶𝑃𝑜𝑟𝑡 = 𝑝𝑃𝑜𝑟𝑡 × 𝑑𝑤𝑡 × 𝑛𝐴 (5-62) 
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The annual port dues are given by 𝐶𝑃𝑜𝑟𝑡 and 𝑝𝑃𝑜𝑟𝑡 is the port due per deadweight 

tonne. The ship’s deadweight is given by 𝑑𝑤𝑡 and the annual number of voyages 

through route 𝐴 is given by 𝑛𝐴. The term 𝑑𝑤𝑡 can be 𝑑𝑤𝑡𝑖𝑐𝑒 or 𝑑𝑤𝑡𝑊𝑆𝑀 depending on 

whether the vessel is ice class or not. Since no Suez voyages are considered, this 

only applies when an Arctic route is used exclusively. When combining Arctic and 

Suez transits, the number of voyages need to be totalled together.  

 

 𝐶𝑃𝑜𝑟𝑡 = 𝑝𝑃𝑜𝑟𝑡 × 𝑑𝑤𝑡 × (𝑛𝐴 + 𝑛𝑠2) (5-63) 

 

The key difference in this case is that the number of Arctic and Suez voyages are 

added together. The Suez Canal Route voyages under this scenario is given by 𝑛𝑠2. 

In this case route tariffs do not depend on volume of cargo transported, but the size 

of the ship. For annual Suez transits eq. (5-62) is used, substituting 𝑛𝐴 with 𝑛𝑠. 

The annual Arctic tariffs are decomposed into icebreaking and ice pilot tariffs, the 

Russian tariff structure is not dependent on the quantity of transported cargo 

(Rossiyskaya Gazeta, 2012; Gritsenko and Kiiski, 2016). This means that application 

of the tariff does not distinguish between loaded and unloaded vessels in addition to 

the vessel type.  

The indicator function from eq. (5-16) builds a navigable profile centred around 

September – the month of the Arctic ice minima. According to the Northern Sea 

Route Administration the winter and spring period is defined as being between 

December to June (NSRA, 2021). The summer period consists of the remaining 

months. This means the number of voyages taken through the summer months can 

be calculated by dividing the total number of summer months by the total number of 

months the vessel is active for, using eq. (5-16). 

 

 𝑛𝑠𝑢𝑚𝑚𝑒𝑟 ≈ 𝑛𝐴 ×
∑ 1(𝑖)11

𝑖 = 7

∑ 1(𝑖)
 (5-64) 
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The number of summer months (𝑛𝑠𝑢𝑚𝑚𝑒𝑟) is the number of annual transits 𝑛𝐴 

through Arctic route 𝐴 multiplied by the number of summer months the vessel is 

operational for, divided by the total number of months it is active for. This value is 

rounded to the nearest integer, since the vessel is not assumed to complete less 

than a full voyage. This equation and the following one only applies to cases where 

the Arctic is used year round. 

 

 𝐶𝐼𝐵 = (𝑝𝐼𝐵,𝑆𝑢𝑚𝑚𝑒𝑟 × 𝑛𝑠𝑢𝑚𝑚𝑒𝑟) + [𝑝𝐼𝐵,𝑊𝑖𝑛𝑡𝑒𝑟 × (𝑛𝐴 − 𝑛𝑠𝑢𝑚𝑚𝑒𝑟)] (5-65) 

 

Eq. (5-65) produces the annual icebreaker fee for year-round Artic transits. The 

summer icebreaking fee in dollars per voyage is given by 𝑝𝐼𝐵,𝑆𝑢𝑚𝑚𝑒𝑟, the winter fee 

is 𝑝𝐼𝐵,𝑊𝑖𝑛𝑡𝑒𝑟 and 𝑛𝐴 retains its previous definition. For open water vessels, there is no 

winter icebreaking fee since they are not permitted to transit through the Arctic 

during the winter season for safety reasons. Therefore, the open water tariff only 

applies to the summer period. It is worth noting that the unit tariff for open water 

ships is almost double the summer ice class cost, and the winter unit cost is 2.5 

times the summer fee (NSRA, 2021). The equation for open water ships transiting 

through the Arctic is introduced.  

 

 𝐶𝐼𝐵 = 𝑝𝐼𝐵,𝑂𝑊 ×  𝑛𝐴 (5-66) 

 

The annual icebreaking cost 𝐶𝐼𝐵 through route 𝐴 is simply the open water 

icebreaking tariff per voyage 𝑝𝐼𝐵,𝑂𝑊 multiplied with the number of Arctic voyages 𝑛𝐴. 

As with the Suez fee, the unit icebreaking fee per voyage is estimated through 

interpolating the vessel gross tonnage against the range of tariffs obtained from the 

Northern Sea Route Administration website (NSRA, 2021). When combining transits 

through the Arctic with the Suez Canal Route, the icebreaking fee is simpler to 

calculate than in eq. (5-65).  
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 𝐶𝐼𝐵 = 𝑝𝐼𝐵,𝑆𝑢𝑚𝑚𝑒𝑟 × 𝑛𝐴 (5-67) 

  

Where 𝑛𝐴 is the number of Arctic voyages through route 𝐴, the icebreaking tariff per 

voyage exclusively the summer rate because this scenario defines an Arctic route to 

be accessible when ice is thin enough to not pose a significant risk to the vessel 

based on ice class. When transiting exclusively through the Suez Canal icebreaker 

rates are not applicable. Hiring an experienced ice pilot when transiting through the 

Arctic routes is an additional tariff (Ministry of Justice of Russia, 2014; Gritsenko and 

Kiiski, 2016). The rates come at a cost per voyage and exclusively depend on the 

gross tonnage of the vessel.  

 

 𝐶𝐼𝑃 =  𝑝𝐼𝑃 × 𝑛𝐴 (5-68) 

 

The total annual ice pilotage fee 𝐶𝐼𝑃,𝐴 for Arctic route 𝐴 is simply the product of the 

ice pilotage rate 𝑝𝐼𝑃 interpolated from Table 5-9 and the annual number of voyages 

𝑛𝐴. The annual number of voyages through the Arctic 𝑛𝐴 varies depending on 

whether the vessel exclusively operates through the Arctic or combines it with the 

Suez Canal Route. Lastly, the Suez tariff it is simply the fee interpolated from 

multiplied by the annual number of voyages through the Suez Canal Route.  

 

 𝐶𝑆𝑢𝑒𝑧 = 𝑝𝑆𝑢𝑒𝑧 × 𝑛𝑠2 (5-69) 

 

Where 𝐶𝑆𝑢𝑒𝑧 is the annual tariff for transiting through the Suez Canal Route, 𝑝𝑆𝑢𝑒𝑧 is 

the interpolated Suez fee per voyage and 𝑛𝑆2 is the number of voyages taken per 

year through the Suez Canal Route when it is combined with an Arctic route. The 

variable 𝑛𝑆2 can be substituted with 𝑛𝑠 to find the annual Suez tariff for year-round 

Suez Canal Route transits. The next cost which is modelled is the annual charter 

expenses.  
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 𝐶𝐶ℎ = 𝑝𝐶ℎ × 𝑡𝐴 (5-70) 

 

Eq. (5-70) only applies only to year-round activities through Arctic routes. It shows 

that the annual charter fee 𝐶𝐶ℎ is equal to the product of the charter rate 𝑝𝐶ℎ from 

either Table 5-13, Table 5-14 or Table 5-16 with the total time spent in the Arctic 𝑡𝐴 in 

days. When transits through the Arctic are combined with using the Suez Canal 

Route, the equation changes slightly.  

 

 𝐶𝐶ℎ =  𝑝𝐶ℎ × (𝑡𝐴 + 𝑡𝑠2) (5-71) 

 

Eq. (5-71) shows that the annual charter expense when combining Arctic and Suez 

routes is the product of the charter rate with the annual time spent in the Arctic for 

this case and the time spent using the Suez Canal Route 𝑡𝑆2, which is calculated 

through using the number of voyages calculated using eq. (5-49). Lastly the annual 

charter fee for ships exclusively transiting the Suez Canal Route can be found using 

eq. (5-70) and substituting 𝑡𝐴 with 𝑡𝑠, which is the annual time spent transiting 

through the Suez Canal Route under the case where the Suez Canal Route is used 

exclusively throughout the year. Next, the opportunity cost is discussed and this is to 

do with the potential loss in revenue from adopting an alternative fuel that requires a 

larger storage space. The storage capacity is based on an equation from the 4th 

GHG study and uses the specific energy of HFO (Faber et al., 2020).  

 

 𝐸𝐻𝐹𝑂 = 𝛿𝐻𝐹𝑂 × 𝑑𝑤𝑡 × 𝑒𝐻𝐹𝑂 (5-72) 

 

The storage capacity of the reference vessel in kWh is 𝐸𝐻𝐹𝑂 and 𝛿𝐻𝐹𝑂 is the residual 

fuel mass per deadweight tonne of the vessel, and the specific energy of HFO in 

kWh per tonne is 𝑒𝐻𝐹𝑂. The deadweight defined previously is 𝑑𝑤𝑡. There is also a 

loss in deadweight for an ice class ship design relative to its open water counterpart. 

This is simply the difference between the two deadweight tonnages. The opportunity 
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cost is set to be equal to the product of the freight rate and the total deadweight loss 

of the reference vessel.  

 

 𝐿𝑖𝑐𝑒 =  𝑑𝑤𝑡𝑊𝑆𝑀  − 𝑑𝑤𝑡𝑖𝑐𝑒 (5-73) 

 

 𝐶𝑂𝑝𝑝,𝑗 = 𝑝𝑟𝑎𝑡𝑒 × 𝑛𝐴 × [(𝐸𝐻𝐹𝑂 × 𝑙𝑗) + (𝐿𝑖𝑐𝑒)] (5-74) 

 

The total deadweight loss between an open water ship and its ice class variant is 

given by 𝐿𝑖𝑐𝑒. The deadweight of the open water ship is 𝑑𝑤𝑡𝑊𝑆𝑀 and the deadweight 

of the ice class ship is 𝑑𝑤𝑡𝑖𝑐𝑒. Where 𝐶𝑂𝑝𝑝,𝑗 is the annual opportunity cost for fuel 𝑗, 

𝑝𝑟𝑎𝑡𝑒 is the freight rate from Table 5-17. The deadweight loss per MWh for a specific 

fuel is given by 𝑙𝑗 which is given by Table 5-18. Eq. (5-74) only applies to year-round 

Arctic transits since only the number of Arctic voyages is considered. For year-round 

transits through the Suez Canal Route eq. (5-74) is used, where 𝑛𝐴 is substituted 

with 𝑛𝑠. When combining Arctic and Suez routes, the number of voyages for both 

transits is considered.  

 

 𝐶𝑂𝑝𝑝,𝑗 = 𝑝𝑟𝑎𝑡𝑒 × (𝑛𝐴 + 𝑛𝑠2) × [(𝐸𝐻𝐹𝑂 × 𝑙𝑗) + (𝐿𝑖𝑐𝑒)] (5-75) 

 

Here, the number of Arctic and Suez voyages are added together. This is because 

the opportunity cost is dependent on the number of voyages taken and not the route 

taken. For year-round transits through the Suez Canal Route, 𝑛𝐴 can be substituted 

with 𝑛𝑠 in eq. (5-74). The total voyage expense then depends on the scenario at 

hand. Firstly, the total annual voyage costs for year-round transits through the Arctic 

is introduced.  

 

 𝐶𝑉𝑜𝑦𝑎𝑔𝑒,𝑗 = 𝐶𝐹𝑢𝑒𝑙,𝑗 + 𝐶𝑃𝑜𝑟𝑡 + 𝐶𝐼𝐵 + 𝐶𝐼𝑃 + 𝐶𝐶ℎ + 𝐶𝑂𝑝𝑝,𝑗 (5-76) 
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Where the total annual voyage cost for engine- fuel combination 𝑗 is 𝐶𝑉𝑜𝑦𝑎𝑔𝑒,𝑗, which 

is the total of the component voyage costs. Eq.(5-76) only applies to year-round 

Arctic transits as Suez related expenses are not included.  

 

 𝐶𝑉𝑜𝑦𝑎𝑔𝑒,𝑗 = 𝐶𝐹𝑢𝑒𝑙,𝑗 + 𝐶𝑃𝑜𝑟𝑡 + 𝐶𝐼𝐵 + 𝐶𝐼𝑃 + 𝐶𝑆𝑢𝑒𝑧 + 𝐶𝐶ℎ + 𝐶𝑂𝑝𝑝,𝑗 (5-77) 

 

Eq. (5-77) is the annual voyage cost when Arctic routes are combined with the Suez 

Canal Route, the Suez tariff is added because some voyages will entail passing 

through the canal. Lastly, when looking at year-round transits through the Suez 

Canal the Arctic related costs can be omitted.  

 

 𝐶𝑉𝑜𝑦𝑎𝑔𝑒,𝑗 = 𝐶𝐹𝑢𝑒𝑙,𝑗 + 𝐶𝑃𝑜𝑟𝑡 +  𝐶𝑆𝑢𝑒𝑧 + 𝐶𝐶ℎ + 𝐶𝑂𝑝𝑝,𝑗 (5-78) 

 

With the architecture for voyage costs having been outlined, the capital and 

operating costs can also be discussed.  

 

5.7.3.2. Capital Cost Model 
 

Before the constituent costs can be calculated the total asset value of the vessel 

must be deduced from linear regression. Data from the Clarksons World Fleet 

Register is used and it is assumed that the ship is a newbuild so newbuild prices 

apply (Clarksons, 2020b). The data for dry and tankers are merged together, as is in 

Solakivi, Kiski and Ojala, (2018) however unlike the article a simple linear regression 

is performed, because the returned R2 is higher using the simple method. 

Coefficients for the newbuild price regression equations are now outlined.  

 

 𝑝𝑁𝐵  =  𝛽1𝑑𝑤𝑡 + 𝛽2𝐼𝑐𝑒𝑐𝑎𝑡 + 𝛼 (5-79) 
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Where 𝑝𝑁𝐵 is the price of the newbuild of a 2-stroke/LSHFO ship, 𝑑𝑤𝑡 is the vessel’s 

open water deadweight obtained from the Whole Ship Model and 𝐼𝑐𝑒𝑐𝑎𝑡 is the binary 

categorical ice variable. A value of 0 is used if the equation applies to an open water 

bulker or tanker, or 1 if it does not. The parameters 𝛽1, 𝛽2 and 𝛼 are the regressive 

coefficients and intercept. The corresponding statistics are outlined.  

 

Table 5-24. Coefficients of the dry and tanker newbuild price and their corresponding 

statistics.  

Coefficient Value p-value* 

𝛽1 0.000261 0.0 

𝛽2 1.10 0.5 

α 20.9 0.0 

𝑅2 0.53  

p-value = 0 

 

 

Table 5-24 shows that the p-value for the categorical coefficient is insignificant which 

suggests that there may not be a relationship between newbuild price and ice class. 

The categorical parameter is still included in the equation as physical increases in 

vessel lightweight that the hull cost of an ice class ship is likely to be higher than an 

open water ship this is confirmed in Solakivi, Kiiski and Ojala, (2018, 2019). Keeping 

the categorical parameter ensures that the newbuild price for the ice class ship is 

always higher than it is for an open water ship. With container ships the article’s 

template is used as the R2 value when using a log linear regression is higher than it 

is when using a simpler method.  
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 ln 𝑝𝑁𝐵  =  𝛽1 ln 𝑑𝑤𝑡 + 𝛽2𝐼𝑐𝑒𝐶𝑎𝑡 + 𝛼 (5-80) 

 

Eq. (5-79) applies to container ships only. All parameters have the same definition as 

before. Similar to the previous equation, the deadweight can be obtained from the 

Whole Ship Model. 

 

Table 5-25. Container newbuild price coefficients and their corresponding statistics. 

These values show that they are all statistically significant.  

Coefficient Value p-value* 

𝛽1 0.698 0 

𝛽2 0.080 0.02 

α -3.57 0 

𝑅2 0.86  

p-value = 0 

 

 

Table 5-25 shows all parameters are statistically significant. The next stage involves 

calculating the additional cost of the newbuild based on the engine retrofit cost and 

storage cost.  

 

 

 

 

Eq. (5-81) shows how the retrofit cost 𝐶𝑅𝑒𝑡,𝑗 is estimated. It involves multiplying the 

unit engine cost 𝑝𝑈𝑛𝑖𝑡,𝑗 with the sum of the main and auxiliary engine powers (𝑃𝑀𝐸 

and 𝑃𝐴𝑢𝑥), along with the learning rate 𝐿𝑗 for that technology. 

 

 𝐶𝑅𝑒𝑡,𝑗 = 𝑝𝑈𝑛𝑖𝑡,𝑗 ×  (𝑃𝑀𝐸 + 𝑃𝐴𝑢𝑥) × 𝐿𝑗 (5-81) 
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This equation shows how the storage cost 𝐶𝑆𝑡𝑜,𝑗 for engine – fuel mix 𝑗 is estimated. 

The storage mass for engine – fuel mix 𝑗 is estimated by multiplying the density of 

the operating fuel for technology 𝑗 with the calculated fuel storage volume in metres 

cubed. This is obtained by multiplying the residual fuel mass per deadweight 𝛿𝐻𝐹𝑂 

with the deadweight 𝑑𝑤𝑡 and dividing by the density of HFO 𝜌𝐻𝐹𝑂. Multiplying this 

with the storage price per kg 𝑝𝑆𝑡𝑜,𝑗 and learning rate yields the additional storage cost 

to the vessel. 

 

 𝑝𝑁𝐵,𝑗 = 𝑝𝑁𝐵 + 𝐶𝑅𝑒𝑡,𝑗 + 𝐶𝑆𝑡𝑜,𝑗 (5-83) 

 

Lastly, the newbuild purchase price 𝑝𝑁𝐵,𝑗 for engine – fuel mix 𝑗 is obtained by 

summing the additional storage and retrofit costs with the newbuild price for a 2-

stroke/LSHFO ship 𝑝𝑁𝐵. This produces a new price of the ship which is dependent 

on the operating fuel. Except for the HFO, LSHFO and MDO cases both main and 

auxiliary engines are assumed to have the same engine and fuel. This enables 

modelling the fuel transition for the auxiliary engine (Department for Transport, 2019; 

Smith et al., 2019b). Both unit engine and storage costs are outlined in Table 5-20. 

With the purchase price of the newbuilds 𝑝𝑁𝐵,𝑗 established, the annual costs can be 

derived.  

 

 𝐶𝐷𝑃,𝑗 =
𝑝𝑁𝐵,𝑗 × 𝑑𝑝

𝑡
 (5-84) 

 

Where 𝐶𝐷𝑃 is the down payment divided by the useful life of the vessel 𝑡, 𝑑𝑝 is the 

down payment proportion and 𝑝𝑁𝐵,𝑗 is the newbuild price of the vessel for fuel 𝑗. The 

newbuild price is inclusive of all aspects ranging from hull to storage space. 

 

 𝐶𝑆𝑡𝑜,𝑗 =  𝑝𝑆𝑡𝑜,𝑗 × (
𝜌𝑗 × 𝛿𝐻𝐹𝑂 × 𝑑𝑤𝑡

𝜌𝐻𝐹𝑂
) × 𝐿𝑗 (5-82) 
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 𝐶𝐷𝑒𝑝,𝑗 =
𝑝𝑁𝐵,𝑗

𝑡
 (5-85) 

 

The annual depreciation cost 𝐶𝐷𝑒𝑝 is the purchase price divided by the useful life. No 

salvage value is assumed as it is deemed to be insignificant when compared to other 

expenses (Dynagas LNG Partners LP, 2020). 

 

 𝐶𝐴𝑛𝑛,𝑗  =  
[𝑝𝑁𝐵,𝑗 − (𝑑𝑝 × 𝑝𝑁𝐵,𝑗)] × 𝑟

[1 − (1 + 𝑟)𝑡𝐴𝑚]
 (5-86) 

 

Seventy percent of the asset value is annualised according to the debt term 𝑡𝐴𝑚 and 

interest rate 𝑟 to obtain the annual annuity payments 𝐶𝐴𝑛𝑛,𝑗. 

 

 𝐶𝐶𝑎𝑝,𝑗 =  𝐶𝐷𝑃,𝑗 +  𝐶𝐷𝑒𝑝 + 𝐶𝐴𝑛𝑛,𝑗 (5-87) 

 

 Summing these constituent capital costs together gives the total annual capital cost 

𝐶𝐶𝑎𝑝,𝑗.  

 

5.7.3.3. Operating Cost Model 
 

Compared to voyage and capital cost calculations, the operating costs are calculated 

in the same way as they are in the following papers (Furuichi and Otsuka, 2013, 

2015; Hansen et al., 2016). Apart from crew fees, the operating expenses are 

proportional to the purchase price of the vessel.  

 

 𝐶𝐶𝑟𝑒𝑤 = 1.2 × 106 (5-88) 

 

Annual crew fee 𝐶𝐶𝑟𝑒𝑤 is fixed at $1.2 million. 
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 𝐶𝐼𝑛𝑠,𝑗 = 0.00343 × 𝑝𝑁𝐵,𝑗 (5-89) 

 

The annual insurance premiums 𝐶𝐼𝑛𝑠 are set to be equal to 0.343% of the purchase 

price. 

 𝐶𝑀𝑎𝑖𝑛𝑡,𝑗 = 0.01095 × 𝑝𝑁𝐵,𝑗 (5-90) 

 

The annual maintenance fees 𝐶𝑀𝑎𝑖𝑛𝑡 are set to be 1.095% of the newbuild price. 

 

 𝐶𝑂𝑝,𝑗 = 𝐶𝐶𝑟𝑒𝑤 + 𝐶𝐼𝑛𝑠 + 𝐶𝑀𝑎𝑖𝑛𝑡 + (𝑝𝑇𝐿𝐶 × 𝐿𝑗) (5-91) 

 

Summing the parameters together with the additional through life cost (𝑝𝑇𝐿𝐶) 

multiplied with the learning rate yields the total annual operating expense 𝐶𝑂𝑝,𝑗. 

 

5.8. Emission Inventories 
 

With the financial performance of the vessels now accounted for, the emission 

inventories and consequent costs can be estimated. First the main and auxiliary 

engine fuel consumption values are summed together with the boiler consumption to 

produce a total value. To obtain the main engine, auxiliary and boiler fuel 

consumption for engine – fuel combination 𝑗. The values obtained from section 5.5.1 

and 5.5.2. can be multiplied with the specific fuel consumption ratio for the 

corresponding fuel 𝑅𝑎𝑡𝑗. Values are displayed in Table 5-5. Multiplying the emission 

factor with the annual fuel consumed produces the emission inventories.  

 

 𝐹𝑇,𝑗 = 𝐹𝑀𝐸,𝑗 + 𝐹𝐴𝑢𝑥,𝑗 + 𝐹𝐵𝑜𝑖𝑙,𝑗 (5-92) 

 

Totalling the annual main, auxiliary and boiler fuel consumptions (𝐹𝑀𝐸,𝑗, 𝐹𝐴𝑢𝑥,𝑗 and 

𝐹𝐵𝑜𝑖𝑙,𝑗 respectively) gives the whole annual fuel consumption 𝐹𝑇,𝑗 for fuel 𝑗. The other 

parameters retain their previous definitions from sections 5.5.1 and 5.5.2 
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respectively. This equation applies to year-round transits through either the Arctic or 

Suez Canal Route. So, the values for 𝐹𝑀𝐸,𝑗,  𝐹𝐴𝑢𝑥,𝑗 and 𝐹𝐵𝑜𝑖𝑙,𝑗 depend on the 

behavioural case.  

 

 𝐼𝑗 = 𝐸𝐹𝑗 × 𝐹𝑇,𝑗 (5-93) 

 

Multiplying this with an emission factor for a specific species 𝐸𝐹𝑗 yields the annual 

inventory𝐼𝑗 for that species and engine - fuel combination 𝑗. Modelling combined 

Arctic and Suez activities is slightly more complicated, due to the Arctic fuel 

consumption needing to be distinguished from the Suez component. This is because 

the GWP value for black carbon is different depending on whether it is emitted in the 

Arctic or Suez. This means the environmental costs in the Arctic will be different from 

costs associated with the Suez Canal Route.  

 

 𝐹𝑇,𝑗,𝐴2 = 𝐹𝑀𝐸,𝑗,𝐴2 + 𝐹𝐴𝑢𝑥,𝑗,𝐴2 + 𝐹𝐵𝑜𝑖𝑙,𝑗,𝐴2 (5-94) 

 

 𝐹𝑇,𝑗,𝑠2 = 𝐹𝑀𝐸,𝑗,𝑠2 + 𝐹𝐴𝑢𝑥,𝑗,𝑠2 + 𝐹𝐵𝑜𝑖𝑙,𝑗,𝑠2 (5-95) 

 

Eq. (5-94) and eq. (5-95) represent the total Arctic (𝐹𝑇,𝑗,𝐴2) and Suez fuel 

consumptions (𝐹𝑇,𝑗,𝑠2) when Arctic and Suez routes are combined. The other 

parameters retain their previous definitions from sections 5.5.1 and 5.5.2 

respectively. The respective Arctic and Suez emission inventories when an Arctic 

route is combined with the Suez Canal Route is introduced.  

 

 𝐼𝑗,𝐴2 =  𝐸𝐹𝑗 × 𝐹𝑇,𝑗,𝐴2 (5-96) 

 

 𝐼𝑗,𝑠2 = 𝐸𝐹𝑗 × 𝐹𝑇,𝑗,𝑠2 (5-97) 
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The annual inventory emitted in the Arctic is given by 𝐼𝑗,𝐴2 and Suez 𝐼,𝑗,𝑠2. Multiplying 

the inventories with damage costs yields the annual externalities caused by shipping 

emissions, the damages are split into climatic and air pollutant externalities.  

 

 𝐶𝐺𝐻𝐺 = ∑ 𝑝𝐺𝐻𝐺 × 𝐼𝐺𝐻𝐺,𝑗 (5-98) 

 

 𝐶𝐴𝑃 = ∑ 𝑝𝐴𝑃 × 𝐼𝐴𝑃,𝑗 (5-99) 

 

Where 𝐶𝐺𝐻𝐺 is the annual GHG cost that the ship is responsible for, 𝐶𝐴𝑃 is the annual 

air pollutant cost. The GHG emission inventory is 𝐼𝐺𝐻𝐺,𝑗 and the annual air pollutant 

emission inventory is 𝐼𝐴𝑃,𝑗  . Modelling the impact of policy on which ship designs is 

the next stage of the model. 

 

5.9. Policy Filter 
 

Beginning with market-based policy measures, the only cost considered is a carbon 

tax and it is assumed the carbon tax applies to all CO2eq emissions. Operational 

policy measures such as slow steaming are not considered in this thesis because of 

the limited evidence on their effectiveness (Cariou, 2011; Ferrari, Parola and Tei, 

2015; Fan et al., 2022). Nor are energy efficient retrofits, as the scale of 

decarbonisation mandated over the time horizons considered in this thesis 

necessitates a transition to alternative fuels (Gilbert et al., 2018; IMO, 2018b; Kim et 

al., 2020b; Englert et al., 2021b). This also means that Arctic specific retrofits are not 

considered, as it does not align with the scope of this study. However, this could be 

an area for further work when considering environmental costs. The price depends 

on the scenario and is set as a proportion of the cost of carbon outlined in Table 4-3 

and Table 4-4. The carbon price is then subtracted from the remaining cost of carbon 

as the policy internalises the externality by converting it into a financial cost.  
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 𝑝𝑇𝑎𝑥 =  𝑆𝑐𝑒𝑥 × 𝑝𝐶𝑂2
 (5-100) 

 

Where 𝑝𝑇𝑎𝑥 is the carbon tax in US $2020 tonne-1, 𝑆𝑐𝑒𝑥 is the proportion of the carbon 

cost that will be covered by the carbon tax and it varies with the socio-economic and 

global warming scenario 𝑥. Lastly, 𝑝𝐶𝑂2
is the cost of carbon in US $2020 tonne-1. The 

proportion 𝑆𝑐𝑒𝑥 falls between the range zero and one, which means that a carbon 

price is not implemented, is partially implemented or is completely covered by the 

market-based measure. The base cost of carbon is then subtracted with the carbon 

price to calculate the remaining cost which is unaddressed through the market-based 

policy measure. The annual carbon tax cost can then be found.  

 

 𝐶𝑇𝑎𝑥 = 𝑝𝑇𝑎𝑥 × 𝐼𝐺𝐻𝐺,𝑗 (5-101) 

 

Where 𝐶𝑇𝑎𝑥 is the annual carbon tax paid for a ship with fuel 𝑗. Other parameters 

have the same meaning as before. For modelling command and control policies, the 

indicator function is used to distinguish between compatible and incompatible fuel 

types.  

 

 1𝑃𝑜𝑙(𝑗) ∶= {
1, if 𝑃𝑜𝑙𝑥 × 𝐼𝑠,𝐻𝐹𝑂  >  𝐼𝑗
0, if 𝑃𝑜𝑙𝑥 × 𝐼𝑠,𝐻𝐹𝑂  <  𝐼𝑗

 (5-102) 

 

In this case 𝑗 is the operating engine – fuel mix, 𝑃𝑜𝑙𝑥 is the emission reduction target 

based on scenario 𝑥 and 𝐼𝑠,𝐻𝐹𝑂 is the emission inventory of the baseline ship 

powered by HFO. Heavy fuel oil is selected because it was the primary fuel used in 

2008, which according to the IMO initial GHG strategy is the year that ships in 2050 

must reduce their GHG emissions by at least 50% by 2050 (IMO, 2018a). 

Modifications to GHG reduction targets can be assumed to be an amendment of the 

initial GHG strategy due to the target being at ‘at least’ 50%. Keeping the baseline 
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fuel as HFO for air pollutant reduction strategies also helps to ensure consistency 

when modelling command and control policies.  

 

5.10. Model Outputs 
 

Cost per tonne voyage is defined to be the key performance metric when assessing 

the performance of Arctic routes. Financial and total cost per tonne voyages are 

estimated separately.  

 

 𝐶𝐹,𝑗 =
𝐶𝑉𝑜𝑦𝑎𝑔𝑒,𝑗 + 𝐶𝐶𝑎𝑝,𝑗 + 𝐶𝑂𝑝,𝑗 + 𝐶𝑇𝑎𝑥,𝑗

𝑛𝑇 × 𝑑𝑤𝑡
 (5-103) 

 

Where 𝐶𝐹,𝑗 is the annual financial cost per tonne voyage, 𝑛𝑇 is the total number of 

voyages completed in a given year and scenario (year-round or combined Arctic and 

Suez transits). The other parameters 𝐶𝑉𝑜𝑦𝑎𝑔𝑒,𝑗, 𝐶𝐶𝑎𝑝,𝑗, 𝐶𝑂𝑝,𝑗 and 𝑑𝑤𝑡 retain the same 

definition that they do previously. The emission externalities are not included in the 

financial unit cost, but the carbon tax is. The denominator of eq. (5-103) represents 

the tonne voyages for the route.  

 

 𝐶𝑇𝐶,𝑗 = 𝐶𝐹,𝑗 +
𝐶𝐺𝐻𝐺,𝑗 + 𝐶𝐴𝑃,𝑗

𝑛𝑇 × 𝑑𝑤𝑡
 (5-104) 

 

The annual total cost per tonne voyage is 𝐶𝑇𝐶,𝑗 and is inclusive of the damages from 

greenhouse gases and air pollutants. As externalities associated with emissions are 

negative due to their adverse effects, the annual total unit cost will always be greater 

than the annual financial unit cost. The values obtained from eq. (5-103) and eq. 

(5-104) are absolute and do not clearly communicate the relative feasibility of the 

Arctic routes to the Suez.  
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To illustrate the feasibility of the Arctic routes, both the financial and total costs can 

be divided by the same metric for a ship transiting year-round through the Suez 

Canal Route.  

 

 𝐹 =
𝐶𝑇𝐶,𝑗,𝐴

𝐶𝑇𝐶,𝑗,𝑠
 (5-105) 

 

The feasibility index of an Arctic route is given by 𝐹 and is equal to the unit cost 

divided by the same open water variant transiting year-round the Suez. It can apply 

to both financial and total costs. However, eq. (5-105) will lead to a skewed 

distribution of results. This is because an Arctic route is more feasible when the 

value is between 0 and 1, whereas the Suez Canal Route is more feasible for values 

greater than 1 and up to infinity. What makes this skewed is that the set of possible 

results are not linearly spaced apart but are an order of magnitude apart from one 

another. This is pertinent when illustrating the stochastic set of results, so that the 

corresponding interpretation is not hampered.   

 

 0 < 𝐹 <  1 for Arctic feasibility | 1  𝐹 < ∞ for Suez feasibility (5-106) 

 

To address the skewness, the scale is converted into a logarithmic scale. The 

negative of the natural logarithm of eq. (5-105) is taken and defined to be the 

feasibility metric in this thesis hereafter.  

 

 𝐹 =  −ln (
𝐶𝑇𝐶,𝑗,𝐴

𝐶𝑇𝐶,𝑗,𝑠
) (5-107) 

 

Where all parameters retain the same definition as they do in eq. (5-105). A negative 

logarithm is taken so that a positive outcome means that the Arctic routes are more 

feasible and vice versa for the Suez Canal Route. A comparison of the skewness 
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and variance between two output distributions from eq. (5-105) and eq. (5-107) 

proves that the distribution from the former equation was skewed and that it has 

been addressed. This point is particularly pertinent for year-round activities.  

 

Table 5-26. Variance of the feasibility metric output distributions when it is not log 

normalised and when it is log normalised. 

Year Year – Round NSR Combined NSR – Suez Canal Route 

 Without log 

normalisation 

With log 

normalisation 

Without log 

normalisation 

With log 

normalisation 

2035 0.14 0.04 0.01 0.006 

2050 0.04 0.03 0.005 0.004 

 

Table 5-26 shows that log normalising the feasibility metric reduces the variance of 

the output distribution in all cases. The probability density function and skewness 

metrics are explored. A graph showing the box plots for a normalised and log 

normalised feasibility metric distribution is also shown in the appendix.  
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Figure 5-5. The tiled plot shows the probability density functions for the output 

distributions of the feasibility metric using eq. (5-105) (Normal) and eq. (5-107) (Log 

normal). This is followed by a comparison between the skewness metrics obtained 

from both output distributions. A normalised feasibility metric is more skewed. 

 

The results for Figure 5-5 are taken from a simulation of a containership operating 

year-round through the NSR under a business as usual scenario in the year 2035. 

This ship type was selected because it is the most energy intensive type considered, 

year-round activities were selected because this is where the metric from eq. (5-105) 

is most skewed. Finally, the year 2035 was chosen because there is a large 

reduction in Arctic ice extent between the years 2020 and 2035, with the largest 

reduction being observed in the business-as-usual case. What Figure 5-5 evidences 

is that taking the natural logarithm of the normalised feasibility metric from eq. 

(5-105) addresses the skewness associated with output distributions emanating from 

eq. (5-105). This is shown by the log normal probability density function in the upper 

plot being more symmetric than its normal counterpart. This means that the 

distribution is more symmetrical because the value is closer to zero. Before further 



 

 
211 

conclusions can be drawn about this technique, its effect on combined activities must 

also be assessed to ensure that it does not caveat the hypothesis that a log normal 

output distribution is more appropriate for this investigation than a normal one.  

 

Figure 5-6. The plots from the previous figure are applied to combined activities. The 

top plot represents the probability density function based on a normalised feasibility 

metric and a log normalised one. The bar chart compares the skewness metric 

between the two distributions. 

 

At first glance Figure 5-6 shows that there is little difference between the two 

probability density functions. Figure 5-6 adopts the same axes scales from Figure 

5-5 to enable a direct comparison between the two distributions and metrics and 

whilst there is a slight increase in positive skew for a log normal distribution it is not 

significant. Given this evidence and the reduction in variance seen in the previous 

table, eq. (5-107) is deemed to be the feasibility metric in this thesis hereafter. Using 

a log – normalised metric provides a transparent and dimensionless value that 
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clearly conveys the relative costs of one route with another. Complex interactions 

between commercial and technical performance can be condensed in a manner that 

directly addresses Research Questions 1 and 2 from the previous chapter without 

diluting information. Another output produced by the model is the cost differential. 

This shows the difference for a particular cost (e.g. voyage cost) when operating 

through the Arctic and Suez Canal Route. Each cost differential is obtained from 

subtracting the NSR expense from the base Suez Canal Route expense, this is done 

for each cost type. A positive differential means that the expense contributes to the 

NSR’s feasibility and vice versa. The cost differential is defined in the next equation. 

 

 ∆𝐶𝑥 = 𝐶𝑥,𝑆𝐶𝑅 − 𝐶𝑥,𝑁𝑆𝑅 (5-108) 

 

Where ∆C𝑥 is the cost differential for expense 𝑥. The variables C𝑥,𝑆𝐶𝑅 and C𝑥,𝑁𝑆𝑅 

represent the cost per deadweight tonne for expense 𝑥 when going through the Suez 

Canal Route and NSR respectively. The model assumptions are now listed.     
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5.11. Model Assumptions 
 

Table 5-27. List of assumptions used to construct the techno-economic model. There are four columns, the assumption number 

based on the module it corresponds with, the module name, the assumption and its associated justification. 

Number Module Assumption Justification 

1-1 Arctic ice 

processor 

Changing sea state is not considered. Understanding changes in weather patterns requires long 

term observations, without which there are large 

uncertainties (Seviour, 2017).  

1-2 Arctic ice 

processor 

Arctic path does not change with voyage 

length. 

The Arctic segment of the route is geographically fixed 

and does not vary with voyage distance. Varying the Arctic 

segment of the route leads to very minor changes in fuel 

consumption (Schröder, Reimer and Jochmann, 2017).  

1-3 Arctic ice 

processor 

Arc 4/1A is the assumed ice class. This ice class is the most common class used by ships 

transiting the NSR today. Furthermore, Arctic ice extent is 

expected to reduce and get thinner which makes it easier 

for ships of this class to transit through (Thomson et al., 

2018; Perovich et al., 2020; Tschudi, Meier and Stewart, 

2020).  

1-4 Arctic ice 

processor 

model 

Navigable period is assumed to have a 

monthly resolution. 

This is because the ice data used by the model also has a 

monthly resolution (Jasmin G. et al., 2018a, 2018b, 2018c, 

2018d, 2018e; Krasting et al., 2018b).  
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1-4 Arctic ice 

processor 

Months where icebreaker escort is 

required for a vessel transiting through the 

Arctic based on the risk indices are 

assumed to be inaccessible. 

Given the recommended speed of 3 knots in these 

circumstances, it is likely the ship would take a large 

amount of time to use the Arctic as a transit route which 

makes it uncompetitive (IMO, 2016a).   

2-1 Vessel 

specifications 

Ships with a deadweight of 200,000 

tonnage or greater are not considered by 

this model.  

This typically forms the upper bound of the ‘Suezmax’ 

class of ships, which means larger ships are physically 

unable to transit through the Suez Canal (Clarksons, 

2020a; Suez Canal Authority, 2020a).  

2-2 Vessel 

specifications 

Fleet composition is assumed to remain 

the same in the years 2020, 2035 and 

2050.  

This assumption facilitates an analysis of bulkers, 

containerships and tankers for the same origin and 

destination across the years 2020, 2035 and 2050. The 

designs would also remain the same. Given the model’s 

focus on costs, changes to cargo would not impact the 

output. Whilst route distances may change in practice, this 

is considered in Chapter 8 by varying the route length 

stochastically to evaluate the model output uncertainties 

and sensitivities.  

2-3 Vessel 

specifications 

Boiler load remains the same between 

open water and ice class ships. It operates 

at a constant load.  

Boiler engines have a small contribution to overall fuel 

consumption (Smith et al., 2014; Comer et al., 2017; 

Faber et al., 2020).  
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2-4 Vessel 

specifications 

Increases in main engine power for ice 

class ships can be accommodated by 

increasing the number of cylinders in the 

engine. If the increase in power 

requirements cannot be offset by 

increasing the number of cylinders, the 

main engine specific fuel consumption is 

assigned to be 185gkWh-1. 

Increasing the number of cylinders in an engine can 

accommodate increases in engine power (MAN B&W, 

2020). The value 185gkWh-1 is the default specific fuel 

consumption used in the 4th GHG study (Faber et al., 

2020). 

2-5 Vessel 

specifications 

Auxiliary engines cover the demand from 

refrigerated cargos and both auxiliary and 

boiler engines operate at a constant load.  

Auxiliary engines are used to refrigerate or heat 

perishable goods (Fitzgerald et al., 2011). They are 

assumed to operate at a constant load because their fuel 

consumption rates are significantly smaller than that of the 

main engine and this assumption helps to manage the 

model’s complexity (Calleya, 2014; Smith et al., 2014; 

Faber et al., 2020).  

2-6 Vessel 

specifications 

Auxiliary and boiler fuel consumption rates 

between ice class and open water ships 

are assumed to be the same for 

containerships.  

The difference between the two for this ship type was 

found to be insignificant. See the appendix. 

2-7 Vessel 

specifications 

The specific fuel consumption load curve 

applies to all engine types.  

Fuel cells also have a non-linear specific fuel consumption 

– load dependency and whilst it may be a different 
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relationship, the relationship between the two is not known 

(Kistner et al., 2021).  

2-8 Vessel 

specifications 

Main engine specific fuel consumption 

does not vary with ambient air 

temperature. 

Changes to main engine specific fuel consumption based 

on air temperature are less significant than the changes 

based on fuel. Changes based on alternative fuels cause 

greater variation in fuel consumption estimations because 

the specific fuel consumptions have much greater 

variation, due to different energy densities (Gilbert et al., 

2018). 

2-9 Vessel 

specifications 

Lightweight of ice class ships are assumed 

to increase 

Increased lightweight is needed to handle higher levels of 

resistance (Solakivi, Kiiski and Ojala, 2018, 2019) 

2-10 Vessel 

specifications 

Auxiliary and boiler engine fuel 

consumption does not change between 

open water and ice class ship designs.  

Standard designs are applicable to ships of this ice class 

(MAN B&W, 2013).  

2-11 Vessel 

specifications 

All efficiencies to do with engines and 

power are assumed to be the same 

between the ice class design and open 

water design.  

This is because the ice class ship design does not require 

substantial modification to its engine and power 

requirements for this ice class (MAN B&W, 2013).  

3-1 Arctic 

operating 

performance 

It is assumed that for the years 2020, 2035 

and 2050 the vessels spend the same 

number of days at sea.  

There are large uncertainties associated with making 

projections on days spent at sea. Little observable change 
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in the days spent at sea between the third and 4th GHG 

studies (Smith et al., 2014; Faber et al., 2020).  

3-2 Arctic 

operating 

performance 

Operators who use Arctic routes year-

round are assumed to avoid operating 

around March and prefer operating around 

September.  

March is when the Arctic ice maxima occurs and 

September is when the minima occurs. This means more 

ice and hence more resistance is encountered around 

March (Fetterer et al., 2017b).  

3-3 Arctic 

operating 

performance 

For pack ice resistance, the ice floe 

diameter is set to be equal to the ice 

thickness divided by 10, and the channel 

width is set to be equal to the ship beam. 

This assumption removes the number of unknowns in the 

pack ice resistance equations. It has been justified 

through personal communications with ice resistance 

experts (UCL, 2021).  

3-4 Arctic 

operating 

performance 

Changes to operating performance only 

occurs in the presence of sea ice. 

Limiting the scope makes the model simpler to use and 

facilitates greater focus on ice resistance calculations.  

3-5 Arctic 

operating 

performance 

Operator does not increase engine load to 

overcome ice resistance. 

Knowing how much the engine load would increase by to 

overcome ice resistance would be bespoke to the ship 

design, ice conditions and operational circumstances at 

the time. Limiting the scope to focus on speed changes 

enables the model to focus on how performance changes 

in ice.   
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3-6 Arctic 

operating 

performance 

Icebreaker emissions are assumed to be 

zero.  

Most Russian icebreakers in service are nuclear powered 

(Clarksons, 2020a).  

3-7 Arctic 

operating 

performance 

The cubic law between ship speed and 

power demand is assumed for all ship 

types.  

Despite new evidence emerging that challenges this law, 

there are still uncertainties associated with predicted 

exponent values for different ship types. Studies that 

projected new exponent values use machine learning 

techniques that require large datasets which are not 

accessible to this investigation (Adland, Cariou and Wolff, 

2020; Berthelsen and Nielsen, 2021). Subsequently the 

cubic law is assumed and as it has been used in the 4th 

GHG study and in the Arctic shipping literature 

(Theocharis et al., 2019; Faber et al., 2020).  

3-8 Arctic 

operating 

performance 

The non-polar section of the three 

considered Arctic routes have the same 

length.  

This assumption facilitates modelling the effects of shorter 

route distances for Arctic routes further north than the 

NSR.  

3-9 Arctic 

operating 

performance 

Port loading times are not considered.  They are too small to affect the transit times (Hansen et 

al., 2016).  

4-1 Suez Canal 

Route 

No change in operating performance 

occurs along the Suez Canal Route. 

This route does not involve transiting through the polar 

regions.  
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operating 

performance 

4-2 Suez Canal 

Route 

operating 

performance 

All voyages are assumed to be completed.  Whether a voyage is completed or not is a binary 

outcome.  

4-3 Suez Canal 

Route 

operating 

performance 

Auxiliary and boiler engine loads remain 

constant.  

Empirical observations using satellite observations 

suggest they are not variable (Smith et al., 2014; Faber et 

al., 2020; UMAS, 2021).  

5-1 Fuel cost 

profile 

Biofuels are not considered in this 

analysis. 

There are considerable uncertainties over the emissions 

from land use change (Brynolf, Fridell and Andersson, 

2014; Valin et al., 2015; Gilbert et al., 2018; Lloyd’s 

Register and UMAS, 2020).  

6-1 Commercial 

performance 

All vessels are assumed to be newbuilds. 

Ice class ship designs require changes to 

the hull, but with alternative fuelled ships 

only changes to the engine and 

maintenance costs are considered.    

Given the significant modifications required to a ship’s hull 

for it to operate with an ice class, it is unlikely that an open 

water ship could be retrofitted to an ice class specification 

(Solakivi, Kiiski and Ojala, 2018, 2019). Furthermore, refer 

to assumption 2-4. 

Ship designs must be able to adapt to different fuels to 

ensure resilience in the green energy transition and in 
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case of changes to future supply chains (Smith et al., 

2019b; Lloyd’s Register and UMAS, 2020) 

6-2 Commercial 

performance 

A time charter relationship is assumed to 

be the default arrangement. 

Time charter relationship reduces market risk through 

longer term arrangements relative to alternatives and 

balancing risk between owners and charterers (Stopford, 

2008; Rehmatulla, 2014).  

6-3 Commercial 

performance 

Port dues are assumed to be 

$1.4/deadweight tonne.  

This value was taken from an empirical case study 

(Stopford, 2008). Furthermore, it has been used as a 

general port fee in another investigation (O’Keefe, 2018).  

6-4 Commercial 

performance 

Icebreaking and ice pilotage services are 

provided by the Northern Sea Route 

Administration.  

Only the eastern half of the Arctic is considered which 

generally falls under Russian jurisdiction (Farré et al., 

2014b).  

6-5 Commercial 

performance 

Vessel gross tonnage is assumed to be a 

proxy for Suez Canal Net Tonnage. 

Both are dimensions that indicate a vessel’s size. This 

assumption has been used in commercial websites and 

academic papers (Hansen et al., 2016; Leth Agencies, 

2018). 

6-6 Commercial 

performance 

Charter rates are assumed to be fixed with 

time.  

Changes in charter rates occur due to changes in shipping 

market supply and demand, not changes in route 

(Stopford, 2008). Market conditions are assumed to 

remain the same.  
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6-7 Commercial 

performance 

Newbuild vessels are financed through a 

loan.  

Shipping is a capital intensive industry (Stopford, 2008).   

6-8 Commercial 

performance 

Operating costs are assumed to be fixed 

with time.  

Empirical observations support this assumption 

(Clarksons, 2020a).  

6-9 Commercial 

performance 

Only the summer icebreaker rates apply to 

vessels transiting through the Arctic when 

it is combined with the Suez Canal Route.   

Under this scenario, the Arctic is defined to be accessible 

when ice thickness is not significant enough to pose a risk 

to a vessel. Therefore, based on this and assumption 1-2 

summer icebreaker rates are charged.  

6-10 Commercial 

performance 

The auxiliary engine is assumed to be the 

same as the main engine and uses the 

same fuel.  

This facilitates modelling a fuel transition for auxiliary 

engines. 

6-11 Commercial 

performance 

No scrap value is assumed.  Scrap value forms a very small percentage of the overall 

vessel value (Dynagas LNG Partners LP, 2020).  

7-1 Policy Filter Energy efficient retrofits are not included, 

including Arctic specific retrofits.  

The level of decarbonisation mandated and the timelines 

considered in this thesis necessitate a transition to 

alternative fuels (Gilbert et al., 2018; IMO, 2018b; Kim et 

al., 2020b; Englert et al., 2021b).  

7-2 Policy Filter Operational policy measures such as slow 

steaming are not considered.  

Limited evidence on its effectiveness (Cariou, 2011; 

Ferrari, Parola and Tei, 2015; Fan et al., 2022).  
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5.12. Conclusion 
 

An architecture which synthesises the themes identified in the literature review is 

presented. Designing the model began with defining key inputs, such as ship 

specifications, ice class and geospatial route co-ordinates. To justify some of the 

inputs, research on current trends, fuels, empirical data and Arctic specific 

navigational guidelines was undertaken. Whereas modelling both the operating and 

commercial performance used established equations, such as the admiralty formula. 

Bringing together research on contemporary Arctic shipping activities with simple 

performance calculations, facilitated the alignment of the model with state-of-the-art 

developments from the literature. What this model brings is a novel method for 

assessing the feasibility of Arctic shipping. This is based on its ability to consider 

feasibility in terms of emission damages, alternative fuels and policy.    
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6. Techno-Economic Model Validation 
 

6.1. Introduction 
 

The model’s ability to represent behaviour in practice must be validated before 

confidence can be attached to its outputs. The flowchart introduced at the beginning 

of Chapter 5 is used as the basis to structure this chapter. Before the validation is 

described, a table is introduced that outlines the validation technique applied to each 

module. Each module from the flowchart forms a section in this chapter that outlines 

the validation of that module. Where possible, linear regression of observed versus 

predicted results and hypothesis testing were commonly used to evaluate the 

outputs. Other modules were validated by cross referencing government sources. In 

addition to validating the proposed architecture, its limits in terms of performance in 

ice were identified. 
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6.1.1. Validation Chapter Overview 
 

A flow chart of the techno-economic model is re-introduced.  

 

 

 

 

Figure 6-1. A flowchart of the techno-economic model, it lists all the modules from 

the previous section that are considered in this chapter.  

 

Figure 6-1 shows the modules from Figure 5-1 without the input data. Input data is 

not included in the flowchart because they are exogenous to the model and have 

come from published data. Without significant resources it is not possible to directly 

compare the proposed model’s main output with an empirical metric, due to the lack 

of present Arctic shipping activity. The components of the model are validated 

separately. Vessel specifications are obtained from the Whole Ship Model and 

regression equations. Details of the Whole Ship Model’s validity as well as its 

outputs have been published numerous times and it has been used in high profile 

studies, evidencing its validity (Calleya, 2014; Calleya, Fuente, et al., 2016; Calleya, 

Pawling, et al., 2016; Smith et al., 2019b; Faber et al., 2020). The regression 

equations used to obtain the ice class specifications have been validated statistically 

Arctic ice processor Vessel specifications 

Suez Canal 

operating 

performance 

Arctic operating 

performance 

Fuel cost profile 

Commercial 

performance 
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as shown in Table 5-24 and Table 5-25. Therefore, the validation of this module is 

not repeated here. 

Total outputs, along with their corresponding explanations are displayed in the 

results chapter. Subsequently, the policy filter and model output are not included as 

its verification and validation is achieved intrinsically by addressing the first and 

second research question. For example, where a 100% reduction in emissions is 

assumed for a policy scenario the results should only display results for zero 

operational emission vessels. The proposed validation techniques are now 

discussed.  

 

Table 6-1. A table that outlines the proposed validation technique for each module of 

the model and the corresponding sources for the validation data. 

Module Validation technique Source 

Arctic ice 

processor 

Literature value 

comparison 

 Literature values - (Chen et al., 2020; Wei 

et al., 2020)  

Arctic operating 

performance 

model 

Case study and 

linear regression of 

results 

Automatic Identification System (AIS) data  

- (UMAS, 2021) 

Suez Canal 

Route operating 

performance and 

fuel cost profile 

Case study and 

linear regression of 

results 

Worldscale rates - (Laulajainen and 

Johansson, 2006; Worldscale, 2021a, 

2021b) 

Commercial 

performance 

Case study and 

linear regression 

Absolute percentage 

error comparison 

Document cross 

referencing 

Tariffs, operating and capital costs - 

(Rossiyskaya Gazeta, 2012; Dynagas 

LNG Partners LP, 2014, 2015, 2016b; 

Borrell and le Galles, 2017; Novatek, 

2017; Dynagas LNG Partners LP, 2018, 

2018, 2019; FSUE Atomflot, 2019; 

Thomson Reuters, 2019; Dynagas LNG 

Partners LP, 2020; FSUE Atomflot, 2020a; 

Clarksons Research, 2020) 
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Table 6-1 lists the validation technique used for each module discussed in this 

chapter. Starting with the Arctic ice processor, case studies are used to see if the 

results produced from the literature can be replicated with the techno-economic 

model. The ice classes used in the respective articles to produce the published 

values are used here to see if similar values are produced by the techno-economic 

model. To validate Arctic operating performance, a case study vessel is used. Suez 

Canal Route operating performance and fuel cost profile are merged together 

because of the assumption that operating performance only changes when a ship is 

passing through ice. This means they can be validated together. Lastly, commercial 

performance validation is achieved using a mixture of quantitative and qualitative 

sources. 

When comparing quantitively, simple linear regression and hypothesis testing was 

used to assess the similarity between modelled and empirical data. For qualitative 

evaluation, snapshots of sources pertinent to the area being assessed is illustrated 

either in this chapter or in the appendix.  
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6.2. Arctic Ice Processor Model 
 

The Arctic ice processor is validated through comparisons with other navigable 

period projections from the literature. The ice class applied in these articles is 

applied to the techno-economic model for a direct comparison. The first comparison 

is with Chen et al., (2020), which considers an open water, and PC6 ice class levels 

respectively and Wei et al., (2020) which only considers a PC6 ice class. As the 

navigable period is defined in months, a direct comparison between the model and 

literature results can be done despite the different ice classes. The socioeconomic 

and global warming cases are SSP2 – RCP 4.5 and SSP5 – RCP 8.5.  

 

Table 6-2. Projected length of the navigable period for the NSR for different ice 

classes and scenarios. 

Socioeconomic 

and global 

warming scenario 

Ice 

class 

Year* Techno-

economic 

model 

(Chen et al., 

2020) 

(Wei et al., 

2020)** 

SSP5 – RCP 8.5 Open 

water 

2020 0 1 n.a 

2035 3 3 

2050 3 3 

PC6 2020 5 5 5.5 

2035 7 6 6.5 

2050 7 6 8.0 

SSP2 – RCP 4.5 Open 

water 

2020 0 1 n.a 

2035 3 3 

2050 3 3 

PC6 2020 4 4 5.5 

2035 7 6 6.5 

2050 7 6 7.5 

* The years obtained from other studies may not correspond with the exact year but 

will correspond with the same period (e.g. the results categorised as 2025 – 2050 

cover 2035 and 2050). 

** Values are read from Figure 4a of the article. 
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Table 6-2 compares the projected length of the navigable period for the NSR from 

this techno-economic model with other literature sources. Two case study ice 

classes are considered, open water and PC6. The table shows that there is very 

close alignment between the model results and those from the literature. The slight 

variation between the results can be attributed to slight differences in sea ice extent 

projections between different models. This is mentioned in Chen et al., (2021) and 

can be deduced from the large standard deviations seen in projections made in Wei 

et al., (2020). Given that the navigable period is used to deduce the variable 𝑡𝐴, the 

contribution of this assumption to the variance observed in days at sea value can be 

evaluated.  

 

Table 6-3. The annual number of days spent transiting through the NSR for all 

considered ship types, behaviours and socioeconomic and global warming scenarios 

in the year 2035. 

  Socioeconomic and global warming scenario 

Behaviour Ship type SSP5 – 

RCP 8.5 

SSP3 – 

RCP 7.0 

SSP2 – 

RCP 4.5  

SSP1 – 

RCP 2.6 

SSP1 – 

RCP 1.9 

Year-

round 

transits 

Bulker 91 30 91 0 91 

Container 130 90 132 125 125 

Tanker 88 91 88 0 119 

Combined 

NSR – 

Suez 

Canal 

Route 

transits 

Bulker 91 30 91 0 91 

Container 79 60 80 0 100 

Tanker 

88 91 88 0 119 

 

Table 6-3 shows there is a large range of possible days that a ship can spend 

transiting year round through the NSR for all ship types. When the NSR is combined 

with the Suez Canal Route, high variance can be observed. 
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Table 6-4. The annual number of days spent transiting through the NSR for all 

considered ship types, behaviours and socioeconomic and global warming scenarios 

in the year 2050. 

  Socioeconomic and global warming scenario 

Behaviour Ship type SSP5 – 

RCP 8.5 

SSP3 – 

RCP 7.0 

SSP2 – 

RCP 4.5  

SSP1 – 

RCP 2.6 

SSP1 – 

RCP 1.9 

Year-

round 

transits 

Bulker 121 61 91 61 91 

Container 122 109 133 107 133 

Tanker 118 89 88 89 88 

Combined 

NSR – 

Suez 

Canal 

Route 

transits 

Bulker 121 61 91 92 91 

Container 101 81 79 81 79 

Tanker 

118 89 119 89 88 

 

Table 6-3 and Table 6-4 show the annual number of days spent transiting through 

the NSR (𝑡𝐴), based on eq. (5-47). The values range from 61 to 133 days depending 

on the factors mentioned in the captions. The assumption that rounding the number 

of months in the navigable period to the nearest integer would produce a maximum 

error of 15 days. This is because there are 30 days assumed in a month and the 

maximum change the assumption could lead to is a half (hence 0.5 multiplied with 30 

is 15 days). Considering this and the values above, the maximum percentage this 

assumption contributes to the total variance observed across the two tables can be 

estimated.  
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Table 6-5. The maximum contribution that the assumption makes to the total 

observed variance observed in the previous tables. 

Ship type Maximum variance 

caused by the 

assumption (days) 

Total variance 

across behaviours, 

scenarios and years 

(days) 

Maximum 

variance 

contribution 

(%) 

Bulker 15 1206 1.2 

Container 15 1052 1.4 

Tanker 15 1059 1.4 

 

In all cases, the maximum possible variance contribution that this assumption makes 

to the days spent at sea is less than 1.5% in all cases. This means that the 

assumption is not significant. The Arctic operating performance module is now 

discussed.  

 

6.3. Arctic Operating Performance Model 
 

The validation of Arctic performance is achieved through more raw and crude data. 

This is due to the low volume of activity due to taking place over the Arctic region, 

which make it difficult to compare with refined data. Destinational activity was 

modelled to compensate for the lack of transit activity taking place in the presence of 

sea ice. Given the lack of empirical data on Arc 4 class ships travelling through sea 

ice. An Arc 7 LNG carrier which operates out of the Yamal peninsula was chosen as 

the case study to validate the model’s ability to capture performance in sea ice. 

These ships are specifically designed to operate year-round in the Arctic. The Port of 

Sabetta is located on the Yamal peninsula on Russia’s northern coast. 
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Figure 6-2. Locations of the origin Port of Sabetta and its common northwest 

European destination, the Port of Zeebrugge in Belgium. This graph shows where 

the origin port is relative to northwest Europe. 

 

Figure 6-2 shows that the Port of Sabetta is located within the polar section. It sits on 

the Yamal peninsula, which the arrowhead points to. The northwest European 

destination that is modelled in this case is the Port of Zeebrugge which is on the 

Belgian coast. Before the case is discussed multiple sources were identified and 

evaluated, before opting to use the LNG carrier as a performance benchmark. A 

European Commission funded project known as the Arctic Demonstration and 

Exploratory Voyage “ARCDEV” explored the effects of Arctic ice on the operating 

performance of the vessel (European Commission et al., 1999). This project entailed 

recording empirical measurements on an ~40,000 dwt Bulker under a route that 

meant it had to operate when passing through ice. The speed and energy demand of 

the vessel were then stated and at first glance this method appeared to be an 

appropriate benchmark to compare model results against, but it was not selected. 
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This is because the experiment took place in 1999 and ice conditions have changed 

considerably since then, furthermore there is a risk that historical ice data may not be 

as reliable as present day measurements and its geospatial resolution may not align 

with the route taken by the vessel (Melsom et al., 2012; Sakov et al., 2012). General 

cargo ships have been observed to transit through the NSR but only during the 

summer, where little to no sea ice is encountered and consequently this does not 

make it an appropriate benchmark for capturing performance when passing through 

ice (Li et al., 2020; CHNL and NORD University, 2021). The LNG carrier was 

selected because its heavy ice class enables it to operate during Arctic winters 

where significant ice is. Furthermore, the fact that it operates with LNG is useful 

because it can be used to suggest that the model is also accurately capturing 

alternative fuel performance.  

The AIS data was used to observe the vessel’s voyages and cross reference its 

voyage with sea ice data. Eight 2019 round voyages were selected and the times 

where ice was present were exclusively analysed. The selected vessel is called the 

‘Boris Vilkitsky’ it is one of the ships listed as operating out of the Yamal LNG project 

(Thomson Reuters, 2019). The ship’s specifications were amalgamated together 

using various sources ranging from the AIS data to the Clarksons database.  
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Table 6-6. Boris Vilkitsky specifications. 

Parameter Value Source 

Gas capacity (m3) 169389  

Deadweight tonnage (dwt) 96958  

Gross tonnage 128806  

LOA (m) 290  

LPP (m) 283 (Clarksons, 2020a) 

Draught (m) 50  

Beam (m) 30  

Service speed (kts) 21  

Ice class Arc 7  

Main engine fuel LNG  

Main engine installed power 

(kW) 
62700  

Main engine specific fuel 

consumption (gkWh-1) 
156  

Auxiliary and boiler fuel MDO  

Auxiliary engine installed power 

(kW) 
2650  

Auxiliary engine specific fuel 

consumption (gkWh-1) 
195  

Boiler power (kW) 150  

Boiler specific fuel consumption 

(gkWh-1) 
340  

Propulsive power (kW)* 45000 (Clarksons, 2020b) 
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Table 6-6 lists the specifications used in this case study. Unless stated otherwise, all 

the data was obtained from Fuel – Use Statistics and Emissions (FUSE) product 

(UMAS, 2021). Given that auxiliary and boiler engine specifications are included by 

the techno-economic model, they must also be validated. This case can also be 

used to validate the model’s ability to capture the auxiliary and boiler engine 

performance. Missing technical specifications regarding the resistance and hull 

geometry can be inferred from empirical equations and trigonometry using the inputs 

from Table 6-6 (Holtrop and Mennen, 1982; Molland, Turnock and Hudson, 2011; 

Kristensen and Lützen, 2013; Dale, 2020).  

 

Table 6-7. Estimated parameter values for the Boris Vilkitsky. 

Variable Value 

Wetted surface area (m2) 17,000 

Block coefficient  0.70 

Waterplane coefficient  0.80 

Midship coefficient 0.99 

Propulsive coefficient 0.58 

Length of run (m) 47 

Longitudinal centre of buoyancy -0.08 

Waterline angle (o) 30 

Stem angle (o) 3 

Normal angle to the surface (o) 5 

 

Table 6-7 shows the estimated Boris Vilkitsky specifications. Using these 

specifications, it is possible to apply Lindqvist’s model to this case study. The ship 

operates in and out of Sabetta – the LNG terminal on the Yamal peninsula and 

travels to various destinations from Zebrugge, Belgium to Bilbao in Spain. Sea ice 

material properties are described here. This ship is also used in sections 6.5.1.2 

Artic Voyage Expenses and 6.6 Model Limitations in this chapter.  
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Table 6-8. Sea ice material properties. 

Parameter Value Source 

Bending strength (kPa) 500 (Erceg and Ehlers, 2017) 

Density (kgm-3) 910 
(Timco and Frederking, 

1996) 

Coefficient of friction 0.05 
(Guo et al., 2018; Jeong, 

Choi and Kim, 2021) 

Poisson ratio 0.3 (Erceg and Ehlers, 2017) 

Young’s modulus (GPa) 2 (Erceg and Ehlers, 2017) 

 

There is considerable variability in the measurements of the material properties of 

sea ice as they are sensitive to temperature, brine content and porosity all of which 

vary with geography (Timco and Frederking, 1996; Jeong et al., 2017; Schulson, 

2018). Uncertainties in the material properties no doubt propagate low confidence in 

estimates of sea ice resistance, which is critical in understanding how performance 

changes in the presence of sea ice (Erceg and Ehlers, 2017).  

Despite there being uncertainties, the values were selected using the literature. The 

exception is the coefficient of friction, where a lower bound value was selected since 

the coefficient lessens with increasing temperature (Schulson, 2018). This value 

corresponds with ‘pack’ ice formations which are likely to become more common 

with global warming (Guo et al., 2018; Huang et al., 2020; Jeong, Choi and Kim, 

2021). A low value therefore is representative of the type of conditions that ships 

may face in the Arctic region.  

Ice conditions accounted for 27% of the total voyage time spent from Sabetta and 

the geospatial resolution of the sea ice metrics were relatively coarse (12.5km × 

12.5km), this affected its geographic coverage. The entrance into the mouth next to 

the Yamal peninsula were not covered by the metrics. The data for historical sea ice 

metrics is obtained from TOPAZ-4, a data-assimilation model (Sakov et al., 2012, 

2019). This model was selected over others since it covers the time period and 

geographic resolution that corresponds with the case. 
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Figure 6-3. The breakdown of the Boris Vilkitsky’s outbound and return voyages in 

terms of where ice is encountered. Red crosses indicate no measurements or 

missing data points, green crosses indicate sea ice was encountered (irrespective of 

whether it was an outbound or return leg). Blue crosses indicate an outbound voyage 

and yellow the return leg.  

 

Figure 6-3 shows the breakdown of the Boris Vilkitsky’s voyage to Zeebrugge, 

Belgium from Sabetta, Russia in 2019 using AIS data. Both outbound and return 

voyages are shown (blue and yellow crosses, respectively), as the model treats each 

voyage as a one-way trip. Ice was encountered by the Boris Vilkitsky past 60oE 

longitude and 70oN which is within the Arctic region. No ice measurements were 

found around the entrance to the Port of Sabetta using TOPAZ-4 as it does not cover 

this area.  
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Figure 6-4. Interpolated and observed sea ice thickness values for the Boris 

Vilkitsky’s outbound voyage to Zeebrugge. A cubic spline was used to fill missing 

data points. The interpolated values correspond with the red crosses shown in the 

previous figure.  

 

Figure 6-4 shows the ice conditions for the outbound voyage to Zeebrugge. The 

TOPAZ-4 data does not cover the area around the Port of Sabetta missing entries 

were filled using MATLAB’s cubic spline. A cubic spline was selected over alternative 

methods such as linear interpolation as it produced better alignment with the 

observed data. The beginning of the voyage doesn’t have any local observed 

metrics, the estimated values for the first hundred miles of the journey are 
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extrapolated. The same points where thickness could not be measured were also 

non-values for the concentration and had to be interpolated/extrapolated using local 

measurements. It is estimated that the port itself is clear of ice, in this instance.  

 

 

Figure 6-5. Interpolated and extrapolated sea ice concentration values. A missing 

spline was used to fill missing data points.  

 

Figure 6-5 shows the ice concentration values for the same journey. Some missing 

entries also had to be interpolated. Similar to the previous figure, the first hundred 

miles did not have recorded measurements and were extrapolated. The trend aligns 
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with the decreasing thickness estimated in Figure 6-4 and using the two values the 

local ice thickness at each point can be obtained. Only one voyage is shown here for 

brevity, but most voyages required a limited amount of interpolation/extrapolation. 

For the next stage, the predicted results were directly compared against the 

observed values in a scatter plot. Simple linear regression analysis between 

observed and theoretical values are a common technique used to explore the 

agreement between predicted and observed values (Smith and Rose, 1995; Zhu et 

al., 2009).  

The independent variable is the predicted value and the dependent variable is the 

corresponding observed value. This order is important as the study in Piñeiro et al., 

(2008) demonstrated that the inverse order leads to spurious effects which 

significantly influence the conclusions drawn from this approach. Two null 

hypotheses are constructed with the alternative hypotheses being that they are not 

equal to their stated value.  

 

 H0:   𝛽 = 1;  𝛼 =  0 (6-1) 

 

A rejection of the null hypotheses means that there is statistically significant 

disagreement between observed and predicted results. If only the hypothesis that 

the slope is equal to 1 is exclusively rejected, then there is evidence to suggest 

significant inconsistency between modelled and observed values. If only the null 

hypothesis that the intercept equals zero is rejected, then there is evidence to 

suggest the model is producing biased results. However, if both statements cannot 

be rejected then there is insignificant evidence to reject the hypotheses that the 

coefficients match the identity line.  

The fuel consumption of the main, auxiliary and boiler engines were obtained from 

hourly satellite observations of the Boris Vilkitsky when it undertook 8 voyages in 

2019. Eight voyages were selected because at the time of completing this work, 

there were only eight voyages found that involved passing through pack or level ice. 

Using the TOPAZ-4 ice data and geographic location of the Boris Vilkitsky it was 

possible to identify the points where it was passing through level or pack ice. For 
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each voyage the hourly entries for fuel consumed were summed together to obtain a 

value for each voyage. This is to facilitate a comparison of fuel consumed per 

voyage between the techno-economic model and empirical observation. This 

resolution was selected because it is better aligned with the resolution of the techno-

economic model.  

 

Figure 6-6. Main engine fuel consumption in ice compared with the model's 

predictions. An equal number of points can be seen either side of the y = x line. 

 

Figure 6-6 shows that there is an equal number of points either side of the y = x line. 

The regression equation has a large intercept and gentle gradient which contrast 

with the y = x identity line. Nonetheless, the equal number of points either side of the 

identity line implies unbiased estimates. A hypothesis test was done using the null 

hypotheses stated previously to check for any evidence of inconsistency and bias 

between the observed and predicted results.  
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Table 6-9. Hypotheses test statistics. 

Coefficient Value 
Standard 

error 
t-stat p-value* 

Gradient (𝛽) 0.6315 0.1868 1.973 0.10 

Intercept (𝛼) 35.42 19.23 1.842 0.12 

𝑅2 0.66    

*The p-value from the F-test was found to be 4.54×10-8. 

 

Table 6-9 shows the results of the hypothesis test for this regression equation. The 

results show that with p-values greater than 0.05 for the gradient and intercept, there 

is insignificant evidence to reject the null hypotheses at the 95% significance level. 

With respect to the auxiliary and boiler consumption, there is very close alignment 

between observed and predicted results. There was no change in the starting 

specific fuel consumption throughout the voyage, for both auxiliary and boiler 

engines - regardless of whether there was ice or not.  
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Figure 6-7. Auxiliary fuel consumption against predicted values. A strong alignment 

can be observed.  

Figure 6-7 shows that the regression line almost matches the identity line exactly, 

and so the model is capturing the auxiliary fuel consumption results with high 

accuracy. The same applies to boiler fuel consumption. Close alignment is attributed 

to all voyages having the same starting specific fuel consumption and power demand 

throughout each journey. Total fuel consumed by the auxiliary engine is therefore a 

straightforward linear calculation. 
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Figure 6-8. Empirical boiler consumption against predicted values. A good alignment 

can be observed for boiler engine consumption.  

 

Figure 6-8 shows that there is close alignment between actual and predicted boiler 

engine consumption. Except for 2 voyages where the input specific fuel consumption 

was double the values in other voyages. The two outliers are a consequence of a 

different engine load being used. Due to the assumption that auxiliary and boiler 

engine loads are fixed, variations in engine load cannot be captured. This evidences 

the difficulty in predicting accurate loads for these engines as they are determined by 

the crew rather than mechanical or market factors (Smith et al., 2014; Faber et al., 

2020). Hypotheses tests aren’t done for auxiliary and boiler fuel consumption for as 

the figures show strong linear alignment between model and empirical values. 

Similar to auxiliary fuel consumption, because the energy and specific fuel 

consumption remain constant throughout the voyage, the calculation of boiler fuel 

consumed is a simple linear calculation. The residuals of both auxiliary and boiler 

fuel consumption constitute a small percentage of the total fuel consumption.  
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Lastly, given the uncertainties around exponent values between operating speed and 

power for eq. (5-29). A sensitivity check is done for a bulk carrier based on its 

blockier hull and wide range of possible values (Adland, Cariou and Wolff, 2020). 

Three cases are considered, an exponent of 1.3, 3.0 and 4.6. The open water ship 

specifications are outlined, followed by the ice class equivalent design specifications.  

 

Table 6-10. Ship design specifications for the open water bulker considered in this 

case study. 

Variable Value 

Ship type Dry Bulker 

Deadweight (t) 79,000 

Main engine Installed Power (kW) 9500 

Main engine load (%) 54 

Design speed (kts) 14 

Design main engine specific fuel 

consumption (gkWh-1) 

177 

Auxiliary engine power (kW) 680 

Auxiliary engine specific fuel 

consumption (gkWh-1) 

214 

Boiler fuel consumption (tonnes day-1) 0.71 

 

Table 6-10 shows the specifications obtained from the Whole Ship Model used in 

this case. Using the regression models outlined in Chapter 5, new specifications are 

obtained for the deadweight, main engine power and auxiliary engine power. All 

other specifications remain the same.   
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Table 6-11. This table shows the new specifications for the ice class equivalent 

design. These are the only values to have changed. All other specifications remain 

the same as the open water case. 

Ship type Dry Bulker 

Deadweight (t) 71,600 

Main engine installed power (kW) 12,000 

Auxiliary engine power (kW) 820 

 

Table 6-11 lists the ice class specifications for the bulk carrier. The output value is 

the feasibility metric, since this is what is being used to evaluate Arctic shipping 

feasibility. The values are taken from across the different scenarios for each case 

study. Since the default exponent value is 3, the feasibility metrics for 1.6 and 4.3 are 

compared against this. The different values from the scenarios are used to build a 

confidence interval for when n = 3 to see if the other metrics fall within the 

confidence boundaries. The plot shows that there are no outliers.  
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Figure 6-9. The feasibility metrics when the exponent is either (1.3 or 4.3) compared 

against the default value of three. The blue line is y = x (n = 3), the red dashed lines 

are the upper and lower confidence intervals. The purple dot is when the exponent is 

1.6 and the green dot is when it is 4.3.  

Figure 6-9 shows that there are no outliers based on the confidence interval. 

Decreasing the exponent from 3 appears to shift the feasibility metric higher up and 

vice versa for 4.3. The change in values do not appear to change the relationship 

between different parameters as both appear to have a linear relationship relative to 

n = 3. A sensitivity check on the effect that ambient air temperature may have on 

Arctic shipping feasibility is done. The case is for a business as usual socioeconomic 

and global warming scenario.  
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Table 6-12. Sensitivity check on the effect that ambient air temperature may have on 

the model output feasibility metric. This is assuming a maximum 5gkWh drop in main 

engine specific fuel consumption. 

Case 

Without an exhaust gas bypass 

(default main engine specific fuel 

consumption) 

With an exhaust gas bypass 

(5gkWh-1 less main engine specific 

fuel consumption) 

 Year-round transits through the NSR 

2020 -0.12 -0.11 

2035 0.29 0.30 

2050 0.22 0.23 

 Combining transits through the NSR and Suez Canal Route 

2020 -0.09 -0.07 

2035 0.16 0.18 

2050 0.13 0.14 

 

Table 6-12 shows that there is no substantial change to the model output based on 

the assumed drop to main engine specific fuel consumption. With there being no 

outlier in the previous figure and no significant change in the model output, the 

operating performance and fuel cost profile modules are discussed.   
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6.4. Suez Canal Route Operating Performance and Fuel 

Cost Profile Model 
 

For open water modelling, the fuel costs are directly proportional to the time the 

vessel spends at sea. This means that by validating fuel costs, the fuel consumption 

for open water operating performance is also validated. This is done using 

Worldscale rates. The Worldscale rate is a breakeven freight rate which is inclusive 

of all the voyage costs bar the canal fee, which is recorded as a fixed differential. 

The Worldscale association does not currently calculate rates for transits across the 

NSR, so this only addresses open water operating performance (Worldscale, 

2021a). Worldscale ship specifications are disclosed explicitly.  

 

Table 6-13. Worldscale reference specifications (Laulajainen and Johansson, 2006; 

Stopford, 2008; Worldscale, 2021a). 

Specifications Value 

Total Capacity (dwt) 75000 

Speed at sea (kts) 14.5 

Fuel 380cst HFO 

Fuel consumption at sea (tonnes day-1) 55 

Fuel consumption at port (tonnes day-1) 10 

Fuel consumption – other (tonnes day-1) 100 

Time at port (days) 4 

Port cost ($) 100000 

Charter hire ($ day-1) 12000 

Bunker price (2018 $/t) 314.99 

 

Table 6-13 shows the specifications for the Worldscale case studies. Ship 

specifications are exogenous model inputs, which means the Worldscale 
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specifications could be directly input into the model domain. Ten fixtures were 

selected for comparison to account for variation of costs with route length. Whilst the 

port dues are not explicitly stated in the Worldscale preamble it was calculated to 

hold $100,000 in Laulajainen and Johansson, (2006) and is assumed to be the same 

value here. Each route represents a case where the model outputs are compared 

with a route taken from the Worldscale website. A comparison of the results show 

that there is low error between Worldscale and modelled freight rates. 
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Table 6-14. A comparison between the model results and the Worldscale results for each case route. The first column is the case 

study route listed on the Worldscale website, followed by the correspond rate and projected rate. The percentage error and round 

voyage distance is also outlined, followed by the residual.  

Route Worldscale rate ($/MT) Model rate ($/MT) Percentage error (%) Round voyage distance (NM) Residuals 

Aruba - New York 7.38 7.40 0.26 3511 0.02 

Rotterdam - New York 11.86 10.98 7.42 6698 -0.88 

Rotterdam - Yanbu 11.68 12.13 3.87 7723 0.45 

Novorossisk - Bombay 12.81 13.03 1.70 8520 0.22 

Jeddah - Shanghai 17.5 18.46 5.47 13353 0.96 

Jeddah - Yokohama 19.17 19.90 3.79 14633 0.73 

Rotterdam - Singapore 22.36 22.25 0.48 16731 -0.11 

Novorossisk - Pusan 22.15 23.21 4.78 17582 1.06 

Novorossisk - 

Yokohama 
23.76 24.08 1.36 18361 0.32 

Rotterdam - Chiba 30.17 28.81 4.50 22569 -1.36 
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Table 6-14 shows that the errors between the Worldscale and model rates are small. 

The largest absolute error is 7.42%. The next plot shows how the error compares 

against each route and also states the mean absolute percentage error.  

 

 

Figure 6-10. Absolute percentage error of the model's outputs compared with the 

Worldscale rates for each considered case route. The routes are ordered in 

ascending order of distance. This graph appears to show that error is independent of 

route distance.  

Figure 6-10 shows that there is a low error for all case study routes and that they are 

independent of the route distance. The x axis is ordered in increasing route distance 

with the shortest route starting first. All percentage errors are less than 10% and the 

mean is approximately 3.36% evidencing that the model produces results which 
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closely align with the benchmark rates. The empirical results are regressed against 

the theoretical results.  

 

Figure 6-11. The Worldscale rates plotted against the modelled rates. A strong 

alignment can be observed.  

 

Figure 6-11 exhibits a close alignment between the y = x line and the regression 

equation. This is evidenced by the regression equation with the intercept being close 

to zero and the slope being approximately equal to one. Observations in Figure 6-11 

are supported with evidence from the hypothesis test.  
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Table 6-15. Summary statistics of the hypothesis test and t-stats. 

Coefficient Value 
Standard 

error 
t-stat p-value* 

Gradient (𝛽) 1.0086 0.03962 0.2171 0.83 

Intercept (𝛼) -0.2957 0.7593 -0.3895 0.71 

𝑅2 0.99    

*The p-value from the F-test was found to be 0. 

 

Table 6-15 exhibits high p-values for the gradient and intercept. The p-values are 

greater than 0.05 so the null hypotheses cannot be rejected at the 95% significance 

level. With an 𝑅2 value of 0.99 the modelled rates account for approximately 99% of 

the variance seen with the Worldscale rates. This means that approximately 99% of 

the variance seen with the empirical rates is captured by the model’s outputs. Given 

that Worldscale rates are directly used in the calculation of freight rates for tankers, 

the very low disagreement between industry grade rates and the model outputs 

suggests that the model performance in capturing open water and fuel costs is 

satisfactory. Nonetheless, the Worldscale rates do not account for route tariffs or 

Arctic ice (Worldscale, 2021b).  
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6.5. Commercial Performance Model 
 

This section discusses the validation of the commercial performance model. This 

section begins with a discussion on the validation of the Suez and Arctic voyage 

expenses, followed by the capital and operating expenses.  

 

6.5.1.  Voyage Expense Model 
 

6.5.1.1. Suez Canal Route Voyage Expenses 
 

A key voyage cost is the Suez tariff. The Suez tariff is an integral cost for voyages 

through the Suez Canal so the model’s ability to capture Suez tariffs must also be 

evaluated. Evaluating the Suez fee is achieved through modelling the earnings of 

ships which transit through the Suez Canal and comparing them with data from an 

industry standard third-party source. The Clarksons Shipping Intelligence Network 

does account for Canal transit fees in its earnings and cost estimations (Clarksons 

Research, 2020). Voyages through the Suez Canal are identified through the 

sources and methods document (Clarksons Research, 2020). Using the same linear 

regression and hypothesis testing technique, the model’s ability to capture the Canal 

fees can be evidenced. The case studies are shown in the following table, followed 

by the results. 
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Table 6-16. Vessel and route specifications. If a source for a port due was not found, $1.4 tonne-1 was assumed from Stopford, 

(2008). 

Route 
Vessel 

size 

Cargo 

carried 

(mt) 

Laden 

speed 

(kn) 

Ballast 

speed 

(kn) 

Laden fuel 

consumption 

(tonnes day-

1) 

Ballast fuel 

consumption 

(tonnes day-

1) 

Port fuel 

consumption 

Time 

at port 

(days) 

Laden 

bunker 

price 

($/t) 

Ballast 

bunker 

price 

($/t) 

Port dues source 

Hamburg – 

Jeddah 
76000 60000 12 12.5 23.5 23 

4 tonnes day-

1 
27 336 374 

(Hamburg Port 

Authority, 2018; 

Saudi Ports 

Authority, 2021) 

Indonesia – 

Rotterdam 
76000 70000 12 12.5 23.5 23 

4 tonnes day-

1 
7 371 336 

(Port of 

Rotterdam, 2020) 

Skikda – 

Chiba 
115000 80000 12.5 12 38 31 100 tonnes 4 364 384 

(City of 

Yokohama, 2018; 

Ministére des 

Travaux Publics 

et Transports, 

Groupe services 

portuaires, and 

Entreprise 

Portuaire de 

Skikda, 2019) 

Yanbu – 

Rotterdam 
50000 40000 12.5 12 27 25 38 tonnes 4 374 328 (Port of 

Rotterdam, 2020; 
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Saudi Ports 

Authority, 2021) 

Marsa El 

Hariga – 

Ningbo 

155000 130000 12.5 12 45 35 120 tonnes 4 364 384 

(Universal 

Shipping 

Company, 2021) 

Rotterdam – 

Chiba (LR2) 
115000 80000 12.5 12 38 31 100 tonnes 4 328 384 

(City of 

Yokohama, 2018; 

Port of 

Rotterdam, 2020) 

Rotterdam – 

Chiba (LR1) 
74000 60000 12.5 12 30 27 67.5 tonnes 4 328 384 

(City of 

Yokohama, 2018; 

Port of 

Rotterdam, 2020) 

Indonesia – 

Mediterranean 
76000 65000 12 12.5 23.5 23 

4 tonnes day-

1 
6.2 371 364 

(Marseille Fos, 

2018) 

Zuetina – 

Singapore 
115000 80000 12.5 12 38 31 100 tonnes 4 364 371 

(Maritime and 

Port Authority of 

Singapore, 2021; 

Universal 

Shipping 

Company, 2021) 

Mina Al 

Ahmadi – 

Rotterdam 

50000 40000 12.5 12 27 25 38 tones 4 374 328 
(Port of 

Rotterdam, 2020) 
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Table 6-16 shows the conditions and specifications used in the comparison of 

outputs with Clarksons data. It shows the size of the ship in terms of deadweight 

tonnage, speed, fuel consumption and fuel prices. Using these values, it becomes 

possible to replicate each case with the techno-economic model and observe any 

change in the model output. The next table shows the empirical case study results 

and the predicted results using the techno-economic model.  
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Table 6-17. Clarksons case study validation results. The first column exhibits the case study route, followed by the empirical 

earnings estimate, the techno-economic model’s predicted estimate, laden and ballast voyage distances and residual error 

between empirical and predicted error.  

Route 
Clarksons 

earnings ($m)* 

Model 

earnings ($m) 

Laden voyage 

distance (NM) 

Ballast voyage 

distance (NM) 
Residuals 

Hamburg - Jeddah 0.7097 0.7975 4250 723 0.0878 

Indonesia - Rotterdam -0.1137 -0.0578 9225 2345 0.0559 

Skikda - Chiba 1.3901 1.4627 9288 6654 0.0727 

Yanbu - Rotterdam 0.4577 0.5377 3861 6019 0.0800 

Marsa El Hariga - Ningbo 2.2034 2.5711 7612 5892 0.3677 

Rotterdam – Chiba (LR2) 1.4157 1.4492 11284 6654 0.0335 

Rotterdam – Chiba (LR1) 1.1265 1.1640 11284 6654 0.0376 

Indonesia - Mediterranean -0.0415 -0.0224 8093 2319 0.0191 

Zuetina - Singapore 1.1201 1.5034 5800 5800 0.3833 

Mina Al Ahmadi - 

Rotterdam 
0.6298 0.7589 6558 5307 0.1292 
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Table 6-17 shows the outcome of the Clarksons validation experiment., it shows that 

there is a low error between the empirical and predicted results. This is illustrated in 

the next plot where it is shown that there may be a close alignment between the 

modelled and empirical earnings.  

 

 

Figure 6-12. Clarksons voyage earnings plotted against modelled earnings. A close 

agreement between the two results can be observed.  

 

Figure 6-12 shows a close fit between the observed and modelled results. The slope 

of the regression line is slightly less steep than the y = x but not enough to be 

significant, this is backed up by an approximate intercept of zero.   



 

 
260 

Table 6-18. Summary statistics from the hypotheses tests. 

Coefficient Value 
Standard 

error 
t-stat p-value* 

Gradient (𝛽) 0.8865 0.04494 0.2171 0.08 

Intercept (𝛼) -0.0113 0.05680 -0.1991 0.85 

𝑅2 0.98    

*The p-value from the F-test was found to be 0. 

 

There is insufficient evidence to reject the null hypothesis at the 95% significance 

level. With approximate values of 1 for the gradient and 0 for the intercept combined 

with no significant evidence against alignment with the identity line, the Suez fee is 

being captured to a satisfactory degree. With an 𝑅2 value of 0.98 a large proportion 

of the variance in the observed results is captured by the model outputs. 
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Figure 6-13. Disaggregation of the costs used to estimate the total Clarksons 

earnings. Blue stacks represent laden fuel costs, red ballast fuel costs, yellow port 

due costs, purple stacks Suez tolls and green port dues.  

Figure 6-13 illustrates the influence of fuel costs and the tangible influence that the 

Suez tariff held on the earnings. Fuel accounts for 40 – 75% of the total cost 

depending on the fixture, and 12 – 29% for the Suez tariffs. Since it formed a visible 

proportion of the costs used in the voyage earnings estimations, it is deemed that 

they are being modelled to a satisfactory degree.  
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The model’s ability to capture all open water voyage costs has been evidenced using 

direct comparisons with third-party sources. In both this case and the Worldscale 

cases the 𝑅2value was greater than or equal to 0.98 suggesting that critical variables 

are accounted for. The Arctic voyage costs and transit fees are now discussed. 

 

6.5.1.2. Arctic Voyage Expenses 
 

Similar to the Suez Canal Route, the Arctic tariffs are a key expense that must be 

validated. Arctic transit tolls aren’t necessarily driven by market forces as they are by 

politics and bartering (Gritsenko and Kiiski, 2016; Theocharis et al., 2019). A review 

of Arctic tolls found that despite toll reforms that were designed to facilitate transit 

shipping through the Arctic, developments since then have reoriented the 

governance towards protectionism, facilitating resource extraction and destinational 

shipping (Moe, 2020).  

Evaluating the model’s capacity to capture the Arctic tolls first begins with 

understanding the toll structure and necessity. A broadsheet published and owned 

by the government in Russia announced in 2012 amendments to the Arctic transit 

toll (Rossiyskaya Gazeta, 2012). Amendments refer to ice pilotage and icebreaking 

services charged based on the volume of services rendered (NSRA, 2012). Volume 

of service refers to the distance travelled, size of ship and ice class of the vessel. No 

mention is made of cargo transported, so it doesn’t constitute part of the fee. 

Therefore, there is no distinction is made between ballast and laden voyages 

(Gritsenko and Kiiski, 2016). The icebreaker fees can be estimated from the 

Northern Sea Route Administration website or from Atomflot’s tariff structure 

(Ministry of Justice of Russia, 2014; NSRA, 2021). FSUE Atomflot is primarily 

responsible for providing icebreaker and ice pilotage assistance (NSRA, 2020). Their 

tariff structure is now introduced.  

 



 

 
263 

 

Figure 6-14. Screenshot of Atomflot’s unit icebreaking fee (Ministry of Justice of Russia, 2014). The fee is given in Russian roubles 

per gross tonnage of the ship. 
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It can be seen in Figure 6-14 that during the winter – spring season the unit 

icebreaking fee more than doubles for 1 zone and almost triples for 7 zones relative 

to the summer season. The variation in unit icebreaking cost is to do with the 

increase and decrease in Arctic accessibility during the summer and winter seasons, 

hence there is a greater volume of services rendered. Proforma Atomflot contracts 

for ice breaking and ice pilotage have been translated from Russian into English, 

courtesy of St Petersburg Maritime University (Saint Petersburg State Maritime 

University, 2020). The translated icebreaker contract suggests that the cost excludes 

VAT and is structured as a fixed cost, similar to the Suez tariff rather than a cost 

which directly varies with services rendered (FSUE Atomflot, 2019). Ice pilotage fees 

follow a similar structure but are inclusive of VAT and are comparably insignificant 

(FSUE Atomflot, 2020a). The Russian VAT rate is assumed to be 20% (Sidorova et 

al., 2021). See the appendix for a translated excerpt of the Atomflot contract.  

 

Table 6-19. Atomflot ice pilotage fee (inclusive of VAT) - Russian version (FSUE 

Atomflot, 2020b). 
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Table 6-20. Translated table with the ice pilotage fees (FSUE Atomflot, 2020a). 

 

It has been established through evaluating documentation from official NSR bodies 

that the service provided consists of ice breaker and ice pilotage assistance. The 

second part of validating Arctic tolls is to check that they are being applied 

appropriately. For icebreaking costs VAT is excluded from the price, so the Russian 

VAT rate is added onto the fee.   

Five round voyages to north-western Europe were selected, three of which involved 

no sea ice and two of which encountered ice. The two in question are Sabetta – 

Zeebrugge and Sabetta – Rotterdam, the unit cost per GJ was calculated for each 

round voyage. These unit costs could be compared with quoted values from both 

Novatek and Total who own a stake at Yamal LNG. Both offer values for the transit 

to Zeebrugge, however the Novatek value is for winter and the Total value is for 

summer (Borrell and le Galles, 2017; Novatek, 2017). Ice conditions varied slightly 

with both routes.  
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Figure 6-15. Ice profile of the Sabetta - Zeebrugge round voyage. This graph shows 

both the outbound and return voyages, although they are not distinguished. Red 

crosses indicate where level ice was encountered, green crosses where pack ice 

was faced and blue crosses where no ice was encountered.  

Figure 6-15 shows that most of the sea ice encountered during the round voyage is 

pack ice, with some amount of level ice. In both travelling to and from the 

destination, the same route was taken which is why there is some overlap between 

the crosses. In one leg pack ice was encountered around the island on the north of 

Russia’s coast and in the other no ice was encountered. For operational 

performance, the initial part of the laden voyage and final stages of the ballast 

voyage were isolated and only the points where the vessel is passing through ice are 

considered. The vessel spent 27% of the total voyage time passing through ice.  
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Figure 6-16. Ice profile of the Sabetta - Rotterdam round voyage. Both outbound and 

return voyages are shown. The same legend as the previous figure is used.  

 

Figure 6-16 shows that most of the ice consisted of pack ice and consequently there 

was less additional resistance for the ship to deal with. The distance travelled is 

similar to the voyage from Sabetta to Zeebrugge, with the total voyage distance to 

Belgium being 5202 NM and the total distance to Rotterdam being 5185 NM. In total, 

during this voyage the ship spent 19% of its time in the presence of pack or level ice.  
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Table 6-21. Commercial inputs for the year 2019. 

Parameter Value Source 

LNG price ($/t) 378 (Smith et al., 2019b) 

MDO price ($/t) 568 (Clarksons, 2020a) 

Port costs ($/t) 1.4 (Stopford, 2008) 

Time charter rate ($/day) 104208 (Clarksons, 2020a) 

Icebreaker fee (Summer | Winter) 

($) 

341,073 | 

852,695 

(Ministry of Justice of 

Russia, 2014) 

Ice pilot fee ($) 12,036 
(FSUE Atomflot, 

2020a) 

 

Table 6-21 shows the values used in this case. They have been put together using 

sources which have already been validated or come from third party sources such as 

the Clarksons Shipping Intelligence Network. Combining these values with those of 

Table 6-6 and Table 6-7 the cost components for the ship’s historical voyage can be 

estimated. Recently, LNG prices have increased significantly which means the unit 

transport cost may have changed. However, given that this case study predates the 

surge in prices, a historical LNG price remains valid.  
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Figure 6-17. Voyage cost breakdown from Sabetta to various destinations in western 

Europe. The model voyages are compared against the total empirical fee given in 

turquoise.  

Figure 6-17 shows that there is a close alignment between the projected results and 

the results quoted from corporate assessments (Borrell and le Galles, 2017; 

Novatek, 2017). The asterisk (*) means that sea ice was present in the route. Both 

the Novatek and Total values match exactly with the model unit costs for a winter 

voyage to Zeebrugge and a summer voyage respectively. The costs offered by the 

Novatek and Total sources are not decomposed so the component costs cannot be 

directly compared. Close alignment between the total aggregate unit cost suggests 

that each component is accounted for and that the aggregate cost is within the right 

range. This is confirmed by the following table.   
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Table 6-22. The voyage cost breakdown from the previous figure. All values are in 

US $ GJ-1. 

Route Fuel 

cost 

Port dues Icebreaker 

fee 

Time charter fee Ice pilot fee 

Sabetta to 

Bilbao 

0.17 0.06 0.15 0.53 0.01 

Sabetta to 

Montoir 

0.17 0.06 0.15 0.42 0.01 

Sabetta to 

Zeebrugge, 

(Summer) 

0.15 0.06 0.15 0.39 0.01 

Sabetta to 

Zeebrugge 

(Winter) 

0.15 0.06 0.38 0.32 0.01 

Sabetta to 

Rotterdam  

0.13 0.06 0.39 0.41 0.01 

Empirical Data Total unit cost 

(Borrell and le 

Galles, 2017) 
0.76 

(Novatek, 

2017) 
0.93 

 

Table 6-22 shows that fuel costs represent a small fraction of the total unit cost per 

gigajoule. The largest fraction comes from the time charter and icebreaker fee. 

According to the model, the key difference between the summer and winter 

Zeebrugge routes are the icebreaker fees. Winter icebreaking costs amounted to 

approximately US $0.38/GJ and in the summer it was reduced to US $0.15/GJ which 

is an approximate decrease of 60%. The reduction is offset by the slower speed the 

vessel operates at when travelling to Zeebrugge during the summer which results in 

an increased charter expense. The other two summer voyages to Bilbao and Montoir 

also benefitted from the same icebreaker assistance price. The ice pilotage fees 

contributed to a small amount of the aggregate expense (0.5% of the winter 

Zeebrugge route). This is because of the relative size of the cost compared to the 
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other components. With the structure of the Arctic tolls being evidenced through 

official sources and its application demonstrated, it can be concluded that the 

commercial performance of vessels in both open water conditions and conditions 

where it must pass through ice are being captured satisfactorily.  

 

6.5.2.  Capital Expenses 
 

Shipowning costs concern the operating and capital costs for the vessel. Both are 

validated using the earnings and annual reports of a shipping company which owns 

six LNG carriers. Several other sources and approaches for benchmark costs were 

considered. A direct extraction of data would represent the purest benchmark to 

evaluate model results against, since it would facilitate a direct comparison against 

costs incurred in practice. However, the low volume of activity, potential resource 

requirements and barriers against obtaining such sensitive information make it an 

unrealistic approach considering available resources (European Commission et al., 

1999; Rehmatulla and Smith, 2015; CHNL and NORD University, 2021). Multiple 

financial reports could also be considered, and this would require identifying a 

source for each component cost and whilst it can be realistically achieved 

considering the available resources, it is a less efficient process than using a single 

company’s Arctic specific financial reports. This approach was taken over evaluating 

multiple financial reports for two reasons.  

1. The selected company operates with vessels that specialise in operating 

under Arctic specific conditions, meaning they have significant ice breaking 

capabilities. 

2. The operating fuel is LNG, an alternative fuel being considered by industry.  

These two reasons justify the selection of this approach, as a comparison that shows 

alignment between the two outputs also evidences that the changes coming from 

alternative fuel and ice class modifications are representative of what happens in 

practice. Costs were compared at the resolution offered by the earnings reports, for 

instance operating costs are given as a total aggregate value but capital expenses 

are decomposed into its constituent costs. Firstly, the average cost of a reference 
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ship owned by the company had to be calculated. Each purchase price was found 

and then averaged to get a representative value of a reference ship (Dynagas LNG 

Partners LP, 2014, 2015, 2016a). The purchase price in this case was the average 

of the purchase prices for 6 ships in Dynagas’s fleet. This was calculated to be US 

$212m. The annual reports are transparent with the capital expenses, enabling a 

direct comparison between the component costs. Previous loans to finance the 

ownership of the Dynagas fleet were restructured in 2019 to a US $675m syndicated 

balloon loan. The loan was structured with 20 quarterly repayments, an amortisation 

profile of 14 years and an interest margin of 3% plus US Libor rates. Straight line 

depreciation was used assuming a useful life of 35 years, the carrying value for each 

of the ships can be found in the annual reports (Dynagas LNG Partners LP, 2014, 

2015, 2016a, 2020).  

 

Figure 6-18. This comparison shows that there is a 4.4% error in the total capital cost 

estimation. Blue stacks represent the principal loan repayment, red stacks the 

interest repayment, yellow the depreciation expense and purple the amortisation 

down payment.   
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Figure 6-18 shows that the error between the aggregate empirical and predicted 

capital expense is 4.4%. This error suggests that the capital expenses are being 

represented accurately by the model. The ‘annualised down payment’ refers to the 

down payment divided by the service life of the vessel. Due to the nature of how 

down payments are accounted for, it does not form a direct entry in the balance 

sheet. This is because the company’s aggregate cash account is credited so the 

down payment does not form a discrete entry. Returning to Figure 6-18, the 

component capital costs can be directly compared with one another, excluding the 

down payment.  

 

Table 6-23. Capital cost components. 

Cost Model ($m) (LP, 2021) ($m) Absolute percentage error (%) 

Principal 

repayment 
8.0 8.0 0.0 

Interest 

repayment 
3.7 4.5 22 

Depreciation 5.0 5.3 6.0 

 

Table 6-23 shows that all the components are predicted with high confidence, bar 

interest repayments. Interest payments may not as align because the proposed 

model works within an annual timeframe, whereas the instalments which address the 

$675m loan are paid on a quarterly basis. With US London Inter – bank offered rate 

rates varying throughout the quarters, the interest rate itself will vary each quarter. 

Furthermore, vessel financing may not be solely responsible for the interest expense 

alone as there may be other assets or loans which require interest payments.  

The aggregate capital costs error of 4.4% suggests that the model performs 

appropriately given what happens in practice. Credibility can be attached to the 

model’s ability to represent commercial performance. The operating expenses are 

now discussed.  
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6.5.3.  Operating Expenses 
 

In the techno-economic model, the operating costs are proportional to the cost of the 

newbuild purchase price. This average cost is used by the model to determine the 

total operating expense (Furuichi and Otsuka, 2015; Hansen et al., 2016). The 

company’s financial reports do not decompose its total operating expense into 

constituent fees. The aggregate operating expense is directly compared against the 

total operating expense stated by the shipowner.  

 

 

Figure 6-19. Total 2020 annual operating cost of the reference vessel and the 

average empirical operating cost. A 5.1% error is obtained.  
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Figure 6-19 shows that there is a 5.1% error between the empirical and predicted 

total operating costs. This suggest that the model’s estimate is representative of the 

company’s operations. The crew fee in this instance was increased to $2m from 

$1.2m as it was mentioned in Furuichi and Otsuka, (2015) that this was the salary for 

LNG carriers crew. Since there are no component operating expenses available it is 

not possible to directly compare the constituents and the model’s constituent 

operating costs can be found in the appendix. Nonetheless, the component 

operating costs are immaterial since the evidence suggests that they do not seem to 

vary with time.  

 

 

Figure 6-20. Daily operating expense per vessel against the year they were reported. 

The data was reported in the company income statements (Dynagas LNG Partners 

LP, 2016b, 2018, 2019, 2021). 

 

Figure 6-20 shows that from the years 2014 to 2020 there is some variation in 

operating expense each year, but it does not appear to be related to time. In the 
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event of a fuel spill or collision insurance costs and subsequently operating 

expenses may rise. Since this study exclusively considers air emissions, other forms 

of environmental pollution are not considered (Afenyo, Veitch and Khan, 2016; 

Afenyo et al., 2017). Considering how these events may increase Arctic shipping 

operating expenses would make a compelling area for further work. The observation 

that operating expenses do not change with time is justified through a hypothesis 

test on the correlation coefficient value. The null hypothesis is that there is no 

correlation between daily operating expense and year.  

 

Table 6-24. Hypothesis test results for the correlation between daily operating 

expense and time. 

Correlation coefficient p – value  

0.3893 0.3880 

 

As the p – value is greater than 0.05, there is insignificant evidence to reject the null 

hypothesis at the 95% significance level. This evidence is used to justify the 

assumption that there is no relationship between operating cost and time. The model 

limitations are now discussed. 

 

6.6. Model Limitations 
 

All models are built using a set of idealisations and assumptions. To advance 

towards a more complete understanding of the model’s performance, an analysis of 

the model’s weaknesses is required to better understand what it cannot be used for. 

These limitations were found by looking at hourly AIS observations of the Boris 

Vilkitsky’s speed and power demands when it is passing through ice. The ice 

conditions were replicated by using historical measurements based on the longitude 

and latitude coordinates of the Boris Vilkitsky, for a voyage between Sabetta and 

Zeebrugge in the year 2019 (Sakov et al., 2012; UMAS, 2021). These co-ordinates 

are given by AIS data. First the vessel power is checked, followed by the speed.   
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Figure 6-21. A quadrant of graphs, the top pair shows the laden voyage from Sabetta 

to Zeebrugge and illustrates the observed power against predicted power (top - left). 

The right set of graphs show how predicted and empirical speed varies with local ice 

thickness.  

 

Figure 6-21 illustrates the vessel’s predicted power against its observed power, as 

well as how power varies with local ice thickness. Significant variation is observed 

between empirical and model outputs. For both laden and ballast legs, the 

regression line does not match the identity line and the model cannot capture the 

variation seen with the observed data. This is evidenced by the poor 𝑅2values of 

0.41 and 0.29 respectively. It can be seen on the right side of the quadrant that for 

both laden and ballast legs, the modelled power decreases with increasing ice 

thickness due to the increased resistance imparted onto the ship and cubic 

relationship between power and speed. Whilst this trend is also tangible with 

observed data, it is comparatively weak and considerable variation can still be 

observed. For instance, when the model predicts a power output of 40,000 kW 
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empirical data ranges from 0 to 50,000 kW. What Figure 6-21 shows is that whilst 

sea ice is responsible for decreasing power output it is not exclusively influential. 

Since the model only considers changes to the vessel’s operating profile in the 

presence of sea ice, it cannot capture the other variables. This explains the variation 

seen in observed power values compared to modelled ones for both laden and 

ballast legs. However, as evidenced previously these limitations they do not 

influence the veracity of the outputs which are critical in addressing Research 

Questions 1 – 3 as fuel costs were not a significant factor in Arctic voyage expenses 

according to Figure 6-17. 

 

 

Figure 6-22. The graphs on the top shows the laden voyage from Sabetta to 

Zeebrugge and illustrates the observed speed against predicted speed (top - left). 

The graphs on the right show how predicted and empirical speed varies with local ice 

thickness.  

 



 

 
279 

Figure 6-22 shows a tangible overlap with the patterns and trends from Figure 6-21. 

This is probably due to the relationship between speed and engine power. Variance 

is observed between observed and predicted results, plus observed speed and sea 

ice thickness. There are instances in the ballast leg where the model predicts a 

speed of 17 – 18 knots and observations show that speeds vary from 5 to 20 knots. 

The poor capacity that the model has in capturing this variance is confirmed through 

low 𝑅2 values of 0.35 and 0.49 for the laden and ballast legs respectively.  

The arguments made in Sargent, (2010) and Weisberg, (2013) regarding model 

purpose and scope of real-world representability are relevant as idealisations have 

been made so that the model is focused on what is relevant to this investigation. 

Since the model is a poor predictor of hourly operating performance, it cannot be 

used for this purpose. However, the model is not designed to capture the operating 

performance of a vessel on an hourly basis. Its purpose is to capture the interaction 

between different parameters from techno-economic and environmental sciences. 

Given that each module of the model has been validated, the limitations of its model 

in terms of its resolution does not affect its ability to address Research Questions 1 – 

3.  
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6.7. Validation Conclusion 
 

Table 6-25. Summary of model components, sources and evidence of validity. 

Module Validation Source Evidence of Validity 

Arctic ice processor 
(Chen et al., 2020; Wei et al., 

2020) 

Table 6-2, Table 6-3 

and Table 6-5 

Arctic operating 

performance 
(UMAS, 2021) 

Figure 6-6, Figure 6-7, 

Figure 6-8, Figure 6-9  

Table 6-12  

Suez Canal Route 

operating performance 

and fuel cost profile 

 (Laulajainen and Johansson, 

2006; Worldscale, 2021a, 

2021b) 

Figure 6-10 and Figure 

6-11 

Table 6-14 

Commercial 

performance 

(Rossiyskaya Gazeta, 2012; 

Dynagas LNG Partners LP, 

2014, 2015, 2016b, 2018, 2018, 

2019, 2020; Borrell and le 

Galles, 2017; Novatek, 2017; 

FSUE Atomflot, 2019, 2020a; 

Thomson Reuters, 2019; 

Clarksons Research, 2020)  

Table 6-17, Table 

6-18, Table 6-19, 

Table 6-20 and Table 

6-24 

Figure 6-12, Figure 

6-13, Figure 6-14, 

Figure 6-17, Figure 

6-18, Figure 6-19 and 

Figure 6-20 
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7. Scenario Design 
 

7.1. Introduction 
 

Scenario based analysis is commonly used to address uncertainties in 

interdependent and complex systems. Morphological analysis is used to develop the 

Arctic shipping scenarios. Using shared policy assumptions five scenarios were 

developed. Each scenario forms a possible future that could take place and aligns 

with the projections of Arctic ice used by the techno-economic model. A description 

and justification accompany each narrative, offering insights into the type of societal 

conditions they make take place under and why.  

 

7.2. Shared Policy Assumptions and Arctic Shipping 

Scenarios 
 

Using the SSP and RCP frameworks, the Arctic scenarios can be derived using 

shared policy assumptions. Shared policy assumptions support the SSP and RCP 

narratives by facilitating a means through which policy stringency and measure can 

be derived for each socio-economic and global warming narrative based on a set of 

assumptions (Kriegler et al., 2014). Whilst there is little evidence of SSP – RCP 

specific policy assumptions being used to develop Arctic shipping specific scenarios, 

scenarios have been derived from these shared assumptions in the wider Arctic 

science literature and paired with corresponding SSP – RCP data (Yumashev et al., 

2017, 2019; Zeng et al., 2020). In each case, the scenarios developed were unique 

to the aim of the study. Both articles Yumashev et al., (2017, 2019) amalgamate 

macroeconomic and climate data from the SSP – RCP pathways to create 

temperature specific scenarios that estimate the climatic damages emanating from 

Arctic ice melt. The study in Zeng et al., (2020) assesses the commercial 

competitiveness of the NSR against China – Europe railroads and scenarios are 

used to account for future uncertainties. The assumptions used in scenario 

construction are not specific to policy, but their application suggests that shared 

policy assumptions are useful in guiding the construction of useful scenarios. These 
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assumptions are used in the projections of different Arctic ice projections (Gidden et 

al., 2019). These assumptions are used to construction of Arctic shipping scenarios 

and are outlined in Table 7-1.  
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Table 7-1. Shared policy assumptions based on the narrative descriptions, the policy assumptions are obtained from various sources (Kriegler 

et al., 2014; O’Neill et al., 2014; van Vuuren et al., 2014; Dellink et al., 2017; Rao et al., 2017b; Riahi et al., 2017). 

Scenario Narrative Policy assumption Trajectory Cooperation 
Policy 

coverage 

Carbon 

price 

GHG 

strategy 
MARPOL 

Safety 

policy 

Arctic 

tariff 
Aggregating drivers 

SSP1 Green 

GHGs and air 

pollution are regulated 

stringently 

Full 

decarbonisation as 

soon as possible 

Global 

cooperation 

begins 2020 

G Yes S S SQ C 2020 - G, Y, S, S 

SSP2 Intermediate 

GHGs and air 

pollution are regulated 

incompletely 

Linear increase 

towards partial 

decarbonisation 

Global 

cooperation 

begins 2035 

G Yes M M SQ C 2035 - G, Y, M, M 

SSP3 Fragmentation 

GHGs and air 

pollution are 

unregulated 

Regional increase 

towards partial 

reduction in air 

pollution 

Global 

cooperation 

begins 2050 

R No L L SQ P 2050 - R, N, L, L 

SSP5 Fossil 

GHGs and air 

pollution are 

unregulated 

No increase 

Global 

cooperation 

begins 2035 

G No L L R C 2035 - G, N, L, L 

 

G – Global; R – Regional; Y – Yes; N – No; S – Stringent; M – Moderate; L – Low; SQ – Status quo; R – Relaxed; C – Competitive; 

P - Protectionist 
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Table 7-1 outlines the assumptions underlying each narrative. These assumptions 

were gathered from the sources listed in the caption and reviewed to see how they fit 

with the model architecture in Chapter 5. For example, if no global cooperation is 

assumed until 2050, such as is in SSP3, then it means no carbon price or global 

policy measure can be assumed. Likewise, if GHG emissions are not completely 

regulated then it is likely that there is a form of leakage somewhere or policy 

stringencies are not sufficient enough address it completely. Given that this model 

only considers 2020, 2035 and 2050 and that the year 2020 has already passed. 

The years 2035 and 2050 are assumed to be the years where policies diverge based 

on the storyline. It is argued in Kriegler et al., (2014), that whilst attitudes to GHGs 

and air pollutants are linked they should be treated separately. This perspective is 

adopted here. 

The structure of the table and the factors are derived from three principle references, 

Kriegler et al., (2014), Rao et al., (2017a) and Riahi et al., (2017). The narratives 

have been described in Chapter 4 and provide the context for the assumptions. The 

narratives from policy assumptions, trajectories and global cooperation are adapted 

from Riahi et al., (2017) to fit this model architecture, the article outlines assumptions 

which relate to the fossil fuel industry and land use. Whilst land use is not relevant to 

this body of research, the attitude towards fossil fuels is. Starting with SSP1, it is 

described how a global transition from fossil fuels begins immediately from 2020 

onwards without delay. The SSP5 storyline is characterised by high technological 

advancement and development, powered by fossil fuels so it is assumed here that 

reductions in emissions are unlikely to stem from policy action. The SSP3 case is 

defined to be a scenario where there is high inertia to policy action and where there 

are considerable challenges in terms of inequality and implementation barriers due 

to political factors. The SSP2 case is defined as being ‘middle of the road’, which is 

interpreted to be a case that serves as an intermediate between the other scenarios. 

What this means for the policy assumption column, is that given that only the SSP1 

cases successfully address shipping emissions, and that in SSP3/5 cases it remains 

unaddressed it leaves the SSP2 case being the scenario where emissions are 

incompletely addressed.  

Under the SSP3 case, a regional increase in Arctic air pollution measures is 

assumed in 2035 which is consistent with the assumptions made in both Rao et al., 
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(2017a) and Riahi et al., (2017), where there are environmental policy asymmetries 

between high/med and low income nations. The reason that the Arctic is assumed to 

have more stringent measures over the Suez Canal Route is because the Arctic 

routes involve transiting through nations which have higher income than those 

through the Suez – this distinction is made using GDP per capita metrics, as is in 

Riahi et al., (2017).  

 

 

Figure 7-1. GDP per capita from 2020 and across the world, the darker blue 

countries have higher GDP per capita than the lighter blue/yellow countries. This 

picture is produced from the Oxford Martin School, (2020) and World Bank Group, 

(2021). 

 

Figure 7-1 shows the GDP per capita for different countries across the world, it 

shows that the surrounding geographic regions which a vessel passes through when 

using the Suez Canal Route have a lower income than they would through the Arctic. 

Whilst the Mediterranean region does consist of high-income countries, the model 

does not have the geographic resolution to consider changes in GDP per capita 
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across the Suez Canal Route. Therefore, it is argued that there would be more 

stringent air pollution measures in the Arctic region than the Suez region.  

The implementation of a carbon price is discussed in Riahi et al., (2017). As 

mentioned in Chapter 5 a carbon price covers CO2eq emissions rather than CO2 on 

its own. This increases the volume of species covered by a carbon price from carbon 

dioxide to all GHGs. Whether a carbon price is assumed to be implemented or not 

depends on the narrative and assumptions, for example if no additional GHG 

measures are expected to be implemented then a carbon price cannot be 

implemented. If global co-operation on climate change is not assumed then the 

conditions for a global carbon price do not exist. This leaves the SSP1 and SSP2 

cases being the only narratives where a carbon price can be implemented.  

Some additional dimensions which are salient to Arctic shipping are added in, these 

are safety policy and Arctic tariff. Safety policy pertains to the enforcement of the 

Polar Code, whether it is enforced or relaxed and the Arctic tariff to how it is dictated. 

In practice, it determines whether conventional open water vessels can sail through 

the Arctic and its enforcement means that they cannot (IACS, 2014; IMO, 2017b). 

The principal references for the inclusion and assumptions made for safety policy 

and Arctic tariffs are Smith and Stephenson, (2013), Gritsenko and Kiiski, (2016) and 

Moe, (2020). Both Smith and Stephenson, (2013) and Melia et al., (2017) find that 

the Arctic becomes accessible to open water vessels under moderate to heavy 

warming scenarios. Given the latest generation of SSP and RCP combinations, the 

moderate to heavy warming scenarios are now intertwined with an assumed set of 

societal behaviours. As the Polar code is already adopted and enforced, it is already 

technically infeasible for open water ships to sail through the Arctic. However, given 

the substantial increase in accessibility of the Arctic to both ice class and open water 

shipping vessels it is argued that including a dimension which addresses the 

enforcement of the Polar Code is relevant. In terms of how its enforcement fits in the 

narrative, it is unlikely to see it repealed or not enforced in the SSP1, SSP2 and 

SSP3 cases due to sustainability and protectionist reasons respectively. Under the 

SSP5 – RCP 8.5 narrative, it is argued that the polar code is not enforced due to 

economic development being prioritised over sustainability.  



 

 
287 

As for Arctic tariffs, both Gritsenko and Kiiski, (2016) and Moe, (2020) evaluate the 

Arctic tariff reforms and discuss its evolution towards being dictated by market or 

protectionist forces. How this manifests itself is that if the Arctic tariff is set by market 

based forces, then the Northern Sea Route Administration will likely enter into a 

competition with the Suez Canal Authority . The case presented in Moe, (2020) 

states that the current tariff structure is geared towards protectionism, therefore if 

protectionism is assumed then the price remains the same for 2035 and 2050, as it 

does in 2020. The competition between the two authorities would likely be 

duopolistic since they are the only authorities which charge tariffs for routes between 

Europe and Asia (no tariff exists for the Cape route). Theoretically there are two 

types of behaviours that may occur under duopolistic competition, one outcome is for 

the entities to collude and agree upon price setting and the other is for the entities to 

compete based on self-interest. Under the former behaviour, the entities can be 

treated as a monopoly and the market treated as monopolistic, but for the latter, the 

two are likely to compete until they settle into a Nash equilibrium (Mankiw and 

Taylor, 2011). It is presumed that the Northern Sea Route Administration and Suez 

Canal Authority are unlikely to collude due to both entities being state controlled 

authorities and factors which extend beyond the remit of this investigation. 

Consequently competition is assumed (Moe, 2020; Suez Canal Authority, 2020b). 

The dynamics between the Suez and Cape of Good Hope route are indicative of how 

such a competition may unfold. When the Cape route is more financially viable than 

the Suez Canal Route for any specific reason, ships occasionally will transit through 

there (Hand, 2020). To incentivise ships to transit through the Suez, the cost of using 

the Suez route must be lower than using the Cape route, which means the toll must 

not be higher than the cost differential between Suez and Cape routes for the Suez 

to be competitive. Under the context of the NSR, if the Suez Canal Authority and 

Northern Sea Route Administration were to compete against each other it would 

likely be under a similar price setting dynamic. The Northern Sea Route 

Administration would charge icebreaker fees that reflect the cost differential between 

NSR and Suez Canal Route transits, assuming a time charter relationship between 

charterer and owner (this may not be the case when charterers are responsible for 

capital costs, given additional capital expenses on ice strengthening). The Suez 

Canal Authority would react accordingly, in a behaviour which is dictated by Game 

theory until the two entities settle into a Nash equilibrium – this is beyond the scope 
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of this thesis and so to reflect the competition for the years 2035 and 2050, the 

icebreaker (IB) tariff is set to be equal to the Suez fee. Due to global cooperation 

being assumed under all cases except for SSP3, it is assumed that the Northern Sea 

Route Administration adopts a competitive dynamic against the Suez Canal Authority 

in all instances.  

With the assumptions discussed, they can be used to construct a set of quantitative 

input assumptions for each scenario. Before this is achieved, the model architecture 

is examined to be able to identify which parameters can be varied. The parameters 

are introduced sequentially in a set of figures then categorised according to whether 

they are fixed with time and whether are internally or externally derived.  

 

.  
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Figure 7-2. A screenshot for the shipowner part of the model schematic. The lines represent the flow of values and parameters, 

vertical lines represent the hierarchy of the architecture with higher parameters representing a higher level, and vice versa for 

variables at the bottom. The variables are broken down until their key influencer is found to be exogenous.  
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Figure 7-3. Another part of the schematic showing the remaining capital costs. 
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Figure 7-4. Schematic showing the deadweight loss component of the model. 
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Figure 7-5. Schematic showing another stage of the model showing fuel costs. 
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Figure 7-6. Schematic showing the icebreaker tariffs. 
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Figure 7-7. Showcasing the port costs schematic. 
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Figure 7-8. Part of the schematic that shows ice pilot costs and route tariff costs. 
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Figure 7-9. Schematic for the opportunity cost and carbon tax. 

  



 

 
297 

 

Figure 7-10. The remaining emission costs and their constituent parameters. 
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Table 7-2. Categorisation of the influence of key parameters according to whether 

they fit in the drivers from Table 7-1 and whether they are fixed with time.  

Parameter Driver Fixed with time 

Engine load n.a Yes 

Fuel price Exogenous No 

Sea ice extent Exogenous No 

Environmental policy 
GHG policy; 

MARPOL 
No 

Carbon price Carbon price No 

SOx damage n.a No 

NOx damage n.a No 

Commodity price n.a Yes 

Icebreaker fee Arctic tariff No 

Ice pilot fee n.a Yes 

Safety policy Safety policy No 

Crew fee n.a Yes 

Unit and 

maintenance costs 
n.a No 

Loan interest rates n.a Yes 

Useful life n.a Yes 

Down payment 

percentage 
n.a Yes 

Range of the ship n.a Yes 

Port dues n.a Yes 

Route tariff n.a Yes 
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Table 7-2 shows the categorisation of each parameter according to which driver they 

correspond with and whether they are fixed with time. Parameters that are not fixed 

with time mean that they are uncertain and can be used in the set of scenario input 

assumption. Most parameters are set to n.a (not applicable) which means they are 

not included in the quantitative input scenario assumptions. The exogenous 

variables are predetermined but are influenced by the narrative. For example, Arctic 

ice metrics will vary with each socio-economic and global warming narrative. 

Similarly, the fuel price will depend on the manufacturing pathway of certain 

alternative fuels. Ammonia can be blue (manufactured using steam methane 

reformation with carbon capture storage (CCS) or green (manufactured using 

renewable electricity, under electrolysis) and this will impact its price. Therefore, 

whilst they are not determined by the model they are included in the set of scenario 

assumptions. Environmental policies refer to command and control air pollution and 

GHG emission reduction targets, the carbon price measure is the proportion of the 

cost of carbon that is addressed, the icebreaker tariff is assumed to be synonymous 

with the Arctic tariff and safety policy refers to the polar code. The next table lists the 

parameters that are not fixed with time and correspond with the drivers listed in 

Table 7-1. 

 

Table 7-3. Parameters which have high influence and aren't fixed with time. 

Parameters 

Fuel price 

Sea ice extent 

Environmental policies 

Carbon price 

Icebreaker fee 

Safety policy 
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The variables listed in Table 7-3 are included in the Arctic shipping scenarios. For 

the externalities, their costs remain independent of the scenarios but the policies 

designed to address them will vary. As the fuel price, policy and sea ice extent are 

exogenous parameters to the model, they are discussed further in terms of how they 

vary with each scenario. The SSP5 – 8.5 case is assumed to be the business as 

usual (BAU) scenario since it represents maintaining the status quo. Evidences 

suggests that society is on course for this pathway (assuming no mitigation 

measures) or there is a significant probability of this trajectory materialising (Jay et 

al., 2018; Christensen et al., 2019; Schwalm et al., 2020). The next set of tables 

outline the policy scenarios for this project. The policy values are given in terms of 

emission reduction targets in percentages. The carbon price is defined to be a 

percentage of the cost of carbon. Ammonia is defined to be blue or green. The polar 

code is assigned a binary value of 1 or 0 depending on whether it is enforced or not 

and the Arctic tariff is defined to be competitive or protectionist. 

 

Table 7-4. Quantitative input assumptions for the BAU case. Greenhouse gas and air 

pollutant (AP) targets are separated as they have different environmental effects.  

Trajectory Year 
Global 

GHG 

Regional 

GHG 

Global 

AP 

Regional 

AP 

Carbon 

price 
Ammonia 

Polar 

code 
Arctic tariff 

SSP5 – 

RCP 8.5 

2020 0 0 0 0 0 n.a 1 SQ 

2035 0 0 0 0 0 Blue 0 Competition 

2050 50% 0 0 0 0 Blue 0 Competition 

 

Blue ammonia – produced from steam methane reformation with CCS leading to 

upstream emissions. 

Green ammonia – produced from renewable electrolysis leading to zero upstream 

emissions. 

SQ – Status Quo – Icebreaking tariff regime remains the same due to a protectionist 

stance.   
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Competition – Icebreaking tariff is set to be equal to the Suez tariff due to duopolistic 

competition. 

Polar code (0 not enforced, 1 is enforced)  

Table 7-4 shows that there are no changes to GHG and air pollution policy targets, 

relative to what is currently enacted. As the initial GHG strategy was drafted in 2018 

and can only increase it is left at a 50% GHG reduction target. Ammonia is the only 

zero carbon fuel considered but its production process would depend on the 

perception of environmental boundaries. The literature points to ammonia production 

using CCS but not steam methane reformation without CCS, which means that the 

latter process is not being seriously considered (Smith et al., 2019b; Lloyd’s Register 

and UMAS, 2020; Englert et al., 2021a). Thus, the choice is between blue and green 

ammonia, where green ammonia is manufactured with renewable electricity. Despite 

the SSP5 case being fossil-centric, international cooperation and development is still 

pursued. The Polar Code is relaxed to allow conventional open water vessels to 

transit through the Arctic and the Northern Sea Route Administration is assumed to 

engage in market-based competition with the Suez Canal Authority through its 

icebreaker fees. 

 

Table 7-5. Scenario consistent with the SSP3 - RCP 7.0 case. An Arctic regional air 

pollution measure comes into force in 2035, the Polar Code is also enforced and the 

Arctic tariff structure is protectionist.  

Trajectory Year 
Global 

GHG 

Regional 

GHG 

Global 

AP 

Regional 

AP 

Carbon 

price 
Ammonia 

Polar 

code 

Arctic 

tariff 

SSP3 – 

RCP 7.0 

2020 0 0 0 0 0 n.a 1 SQ 

2035 0 0 0 50% 0 Blue 1 SQ 

2050 50% 0 0 50% 0 Blue 1 SQ 

 

Table 7-5 reflects protectionism, international fragmentation and a lack of consensus 

on climate change, due to nation states or regional blocs being motivated by self-

interest. This manifests itself into regional policymaking with low interest in reducing 
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GHG and air pollution emissions. This means that no additional GHG measures, 

carbon price or global air pollution measures are introduced because of the lack of 

international co-operation. Ammonia is produced through the ‘blue’ process. The 

Polar Code and Arctic tariff remain as they are for protectionist reasons. Regional 

Arctic air pollution measures are assumed to come into force from 2035, based on 

assumptions from Rao et al., (2017b) and none is assumed for the Suez Canal 

Route. No change in GHG measures is assumed, as the assumption from Table 7-1 

shows that global cooperation does not take place before 2050. It is likely that there 

may be asymmetric environmental policies rather than standardised global measures 

leading to spillover effects such as emissions leakage (Aichele and Felbermayr, 

2015). Having a case where pollution regulation is asymmetric enables testing to see 

if an emission leakage outcome may occur. Given GHGs are well-mixed and do not 

depend on location, it is unlikely that GHG reduction measures would be introduced, 

as according to Riahi et al., (2017) states are more concerned with security than 

climate change.  

 

Table 7-6. The case consistent with the SSP2 - RCP4.5 scenario. The initial GHG 

strategy is revised to a 100% emission reduction target in 2050, no change in air 

pollution measures occur. A carbon price is adopted from 2035 onwards. Ammonia 

is still assumed to be ‘blue’, the Polar Code is enforced and the Arctic tariff is 

competitive. 

Trajectory Year 
Global 

GHG 

Regional 

GHG 

Global 

AP 

Regional 

AP 

Carbon 

price 
Ammonia 

Polar 

code 
Arctic tariff 

SSP2 – 

RCP 4.5 

2020 0 0 0 0 0 n.a 1 SQ 

2035 0 0 0 0 50% Blue 1 Competition 

2050 100% 0 0 0 50% Blue 1 Competition 

 

Table 7-6 shows the intermediate case and represents a partial improvement from 

the BAU case where a 100% reduction in GHG emissions is assumed in 2050 

compared to 50% previously. Based on the assumptions from Table 7-1, it is 
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assumed that co-ordination on the transition away from fossil fuels is not completely 

achieved until 2050. As 2020 has passed, it is assumed that in 2035 GHG measures 

are fragmented which means that no command and control measures have been 

agreed but a carbon price which partially addresses the cost of carbon is adopted. 

The reason for the carbon price being 50% is because it is an intermediate value 

between no regulation and full regulation. Furthermore, this is compatible with the 

RCP 4.5 warming pathway which means that policy must inherently short of the 

measures required to limit global warming to Paris Agreement targets. The Polar 

Code is enforced due to concerns over safety and the Northern Sea Route 

Administration is assumed to compete with the Suez Canal Authority.  

 

Table 7-7. An Arctic shipping scenario consistent with SSP1 - RCP 2.6 case. 

Greenhouse gas and air pollution emissions from ships are addressed completely 

and as soon as possible. The carbon price is set at 75% of the cost of carbon, 

ammonia is produced from renewable electrolysis, the Polar Code is enforced and 

the Arctic tariff is competitive.  

 

Trajectory Year 
Global 

GHG 

Regional 

GHG 

Global 

AP 

Regional 

AP 

Carbon 

price 
Ammonia 

Polar 

code 
Arctic tariff 

SSP1 – 

RCP 2.6 

2020 0 0 0 0 0 n.a 1 SQ 

2035 100% 0 100% 0 75% Green 1 Competition 

2050 100% 0 100% 0 75%  Green 1 Competition 

 

Table 7-7 illustrates the case where global warming is limited to 2 degrees Celsius. 

This scenario is one of the greenest cases since it follows an SSP1 trajectory. Both 

GHG and air pollution policy measures are global in scope and a consensus is 

achieved rapidly. The RCP 2.6 trajectory corresponds with 2o C degree warming 

(Rogelj et al., 2018). Given that 1.5o C warming is the best possible outcome, a 2o C 

warming outcome means that policy has not been able to address GHG emissions 

as well as it could. Due to the underlying SSP1 narrative it is still assumed that co-
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ordination on decarbonisation takes place as soon as possible and is still largely 

successful, but it is caveated by the carbon price being set at 75% of the cost of 

carbon as opposed to 100%. This represents the inability of the policy to completely 

capture the damages from GHG emissions. Ammonia is manufactured from 

renewable electrolysis as the infrastructure for this production process is assumed to 

have already been constructed, which means zero upstream emissions. This means 

the fuel price for ammonia will be different relative to the other scenarios. As 

sustainability is prioritised, safety concerns are respected, and the polar code is 

enforced. The Northern Sea Route Administration plus Suez Canal Authority engage 

in competition with each other from 2035 onwards because it is assumed that 

markets are more global and open.  

 

Table 7-8. Scenario compatible with the greenest SSP1 - 1.9 pathway. Total 

decarbonisation is achieved by 2035. The carbon price is set to be 100% of the cost 

of carbon, totally covering the externality. Ammonia is ‘green’, which means it is 

produced from renewable electrolysis. The Polar Code is enforced and the Arctic 

tariff is competitive.   

 

Trajectory Year 
Global 

GHG 

Regional 

GHG 

Global 

AP 

Regional 

AP 

Carbon 

price 
Ammonia 

Polar 

code 
Arctic tariff 

SSP1 – 

RCP 1.9 

2020 0 0 0 0 0 n.a 1 SQ 

2035 100% 0 100% 0 100% Green 1 Competition 

2050 100% 0 100% 0 100% Green 1 Competition 

 

Table 7-8 shows the inputs for the greenest possible scenario. It is assumed that 

decarbonisation measures are co-ordinated and introduced rapidly to address GHG 

and air pollution emissions. All measures completely address emission externalities. 

The main difference relative to the previous scenario is that the carbon price being 

equal to the cost of carbon. This is to reflect the slightly more aggressive measures 
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needed to comply with 1.5o C targets compared to 2 o C, the command and control 

measures are already as strict as they can be.  

 

7.3. Conclusion 
 

Recalling aspects of the Research Question 2 methodology section from Chapter 4, 

the discussion on scenario design begins by outlining that the proposed method 

must align with the model architecture and SSP – RCP pathways to ensure is 

compatibility and transparency. A set of shared policy assumptions is used to identify 

which policies and targets are compatible with which scenario. From here, the model 

parameters were listed which and categorised according to whether they are fixed 

with time and correspond with any of the drivers listed in Table 7-1. This facilitated 

the identification of areas that are critical to influencing the different possible futures 

whilst also assisting with defining scenario scope. Using the morphology of each 

dimension, the drivers were amalgamated together and used to deduce a set of 

scenarios that are consistent with their respective narratives.   
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8.  Results 
 

8.1. Introduction 
 

The research questions are addressed in this section, using the techno-economic 

model. There are three research questions: 

1. How will the financial feasibility change when emissions damages are 

accounted for? 

2. How will different socio-economic and warming scenarios influence the 

financial viability of ships transiting through the Arctic? 

3. What are the most important variables that determine Arctic shipping 

feasibility? 

Before the results are shown, the vessel specifications used to obtain the results are 

described. The section concludes with a discussion on the outcome to each research 

question. The graphs will illustrate the feasibility metric from eq. (5-107) unless 

stated otherwise. Furthermore, the Arctic bound vessel is ice strengthened and is 

compared against the same engine – fuel technology for year-round Suez Canal 

Route transits. In all cases the baseline ship that transits year-round through the 

Suez Canal Route has no ice class.  

 

8.2. Ship Specifications 
 

The ship sizes and design speeds were selected based on the most common ship 

size and applicability for transits between north western Europe and east Asia using 

the 4th GHG study (Faber et al., 2020). The ship deadweight and engine power were 

extracted from the Whole Ship Model (Calleya, Fuente, et al., 2016; Calleya, 

Pawling, et al., 2016). The design speed and main engine load are extracted from 

the IMO’s 4th GHG study to produce a set of specifications for the reference ships 

(Faber et al., 2020). The remaining specifications can be inferred from the equations 

outlined in Chapter 5. The specifications are outlined in next table. 
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Table 8-1. The open water ship specifications used to obtain the results in this 

chapter. 

Ship type Dry bulker Container ship Tanker 

Deadweight (t) 79,000 103,000 109,000 

Main engine installed 

power (kW) 

9500 46,000 13,000 

Main engine load (%) 54 40 48 

Design speed (kts) 14 24 15 

Design main engine 

specific fuel consumption 

(gkWh-1) 

177 175 174 

Auxiliary engine power 

(kW) 

680 2,800 1,500 

Auxiliary engine specific 

fuel consumption (gkWh-1) 

214 200 211 

Boiler fuel consumption 

(tonnes day-1) 

0.7 1.9 2.2 

Days at sea 258 256 186 

 

Table 8-1 shows the open water performance specifications for each considered ship 

type. The main engine load differs with ship types, not fuels. Therefore, a container 

ship fuelled by ammonia is still assumed to operate at a 54% main engine load. 

Auxiliary and boiler engine loads are not shown as the load is assumed to be 

constant and independent of ship type. The ice class ship specifications are shown. 

If they are not shown in the next table, it means that the value has not changed and 

the Table 8-1 value is used.   
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Table 8-2. The new specifications for the ice class bulk carrier, container ship and 

tanker. 

Ship type Dry bulker Container ship Tanker 

Deadweight (t) 71,600 98,000 99,300 

Main engine installed power (kW) 12,000 49,000 14,000 

Auxiliary engine power (kW) 820 2,800 1,900 

 

Table 8-2 shows that the deadweight of the ship has reduced and main engine 

power has increased. The results for each research question are now discussed and 

interpreted. The interactions between route length, fuel consumption and emissions 

do not depend on ship type. Since container ships are the fastest and most energy 

intensive vessel, the differential between total and financial cost feasibility metrics 

will be most prominent with this ship type. This ship type is exclusively used to test 

Hypothesis 1. For completeness, the graphs showing the differential between total 

and financial cost feasibility metrics for bulkers and tankers can be found in the 

appendix. The feasibility metric used in this chapter is the log normalised metric.  

 

8.3. Research Question 1 
 

Before the results are discussed, it is worth recalling how the externalities were 

costed in Table 4-2, Table 4-3, Table 4-4 and Table 4-5. The costing methods are 

discussed in detail in the methods section and won’t be repeated for brevity, but it 

can be summarised as follows:  

1. The cost of carbon was taken from the carbon price under the greenest 

scenario in UCL’s TIAM model and assumed to be equal to the cost of 



 

 
309 

carbon, because it can be theoretically deduced that it is representative of a 

cost that has not been addressed by policy in other cases. 

2. The cost of carbon applies to all GHGs and includes black carbon because of 

its warming effect. The GWP100 value is applied to convert non-CO2 GHGs 

into CO2eq tonnes. 

3. The Arctic GWP100 for black carbon is higher than the Suez value because of 

the albedo feedback effect. 

4. Air pollution damages are costed based on the values derived from 

Korzhenevych et al., (2014) using ‘Mediterranean’ and ‘NE Atlantic’ values 

which were assumed to be representative of the Suez Canal Route and Arctic 

costs respectively. This handbook was used instead of more recent reports 

because the other studies did not have a region representative of the Arctic. 

Furthermore, this source was cited in other Arctic shipping studies which look 

at externalities (Zhu et al., 2018; Wang et al., 2020).  

Recalling that the purpose of externalities is to reflect a more accurate cost of 

performing a certain activity and that the purpose of policy is to address the 

externalities, it is expected that the results from SSP1 scenarios will be negligible 

and in laissez-faire scenarios its effects will be most apparent. To demonstrate these 

effects, the differential between the total cost feasibility metric and financial cost 

metric is taken and plotted for a SSP5 and SSP1 case. The SSP1 cases are defined 

to be the greenest cases, given the socioeconomic assumptions and the SSP1 – 

RCP 1.9 scenario is the greenest scenario due to the lowest global warming 

potential (~1.5oC). 
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Figure 8-1. Difference between the log-normalised cost per tonne voyage 

considering externalities and the financial log-normalised feasibility metrics. Both 

year-round (YR) NSR transits and combined (CMB) NSR – Suez Canal Route 

differentials are shown.  

Figure 8-1 shows the differential between the total and financial feasibility metrics, so 

that positive values correspond with increases in feasibility and vice versa for 

negative values. All the outputs are positive which means that the principal effect of 

including emission externalities is to shift the economic feasibility in favour of Arctic 

shipping. This is because the feasibility metric that is inclusive of emission 

externalities is greater than when it does not include them. For year-round Arctic 

transits the difference is significantly greater than it is for combined NSR – Suez 

Canal Route activities. This may be due to more fuel being consumed per annum 

under combined NSR and Suez Canal Route transits. With alternative fuels, the 

difference decreases because the total emissions are very low to begin with so 

including externalities does not significantly alter the outcome. There is also some 

variance between the different engines. Internal combustion engines exhibit the 
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greatest difference and fuel cells the least difference. This is due to exhaust gases 

being produced by a combustion engine compared to no exhaust gases being 

produced by a fuel cell.  

Under the SSP1 – RCP 1.9 scenario, there is no change in the feasibility of Arctic 

routes when including damages from 2035 onwards due to the zero emission policy 

(see Table 7-8). In this pathway ammonia is assumed to be green which means it is 

manufactured from renewable electricity and the supporting infrastructure for 

generating renewable electricity is assumed to already be in place. This means that, 

within the model there are no operational or upstream emissions from ships, so no 

environmental costs and no change in the feasibility of Arctic routes. The emission 

inventory differentials are explored in greater detail to understand the shape of 

Figure 8-1. The emission differential represents the difference between emission 

inventories of a container ship transiting through the NSR under year-round or 

combined cases and the open water container ship operating through the Suez 

Canal Route. The BAU scenario is selected so that all engine – fuel combinations 

can be compared under maximum ice retreat.   
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Figure 8-2. The annual emission inventory differential between year-round transits 

through the NSR (YR), combined (CMB) NSR – Suez Canal Route transits and year 

round Suez Canal Route transits. The figure shows how externalities alter the 

feasibility of Arctic shipping.  

 

Figure 8-2 shows a significant reduction in emissions for year-round Arctic transits 

relative to the Suez due to the reduction in fuel consumption and a slight increase for 

combined NSR – Suez Canal Route transits. A smaller difference can be seen with 

ammonia fuelled ships because ammonia fuelled ships produce less emissions. For 

fuel cells (FC) the emission differentials are from upstream sources, given this is a 

BAU case ammonia is assumed to be blue ammonia. This means there are still 

some upstream emissions. Emission differentials for air pollutants are significantly 

smaller than they are for CO2eq emissions because their emission factors are also 

smaller which makes air pollutant emission less sensitive to shorter route lengths. 

This suggests that the reduction in GHG emissions is principally responsible for 

increases in the feasibility for the NSR. Under combined activities the emission 

difference increases and contradicts the effects for year-round transits; this is 

because in absolute terms the vessel completes more voyages when combining both 

routes leading to more fuel consumed. However, the effect of including externalities 
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still shifts the feasibility in favour of the NSR. This is because the emission 

differentials in Figure 8-2 are absolute values and the metrics in Figure 8-1 are 

unitised values. This means the model is suggesting that the NSR has a lower 

annual emission intensity than the Suez. This is evidenced in the next plot where the 

emission intensity is plotted for each considered behaviour to show that the Suez 

Canal Route is the most intensive route.  

 

 

Figure 8-3. The CO2eq emission intensity for a 2-stroke/LSHFO container ship for 

each considered behavioural scenario in the year 2035. The global warming case is 

assumed to be SSP5 – RCP 8.5 to highlight how the NSR can lead to a lower 

intensity of GHG emissions.  

Figure 8-3 shows that despite the increase in number of voyages and absolute 

emissions, the GHG emission intensity is higher for the Suez Canal Route than it is 

for the NSR under all considered behaviours. Under year round NSR transits the fuel 

consumed is significantly less than it is for the other scenarios because of a lower 
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number of transits. This chart also explains why including externalities still increases 

the feasibility of the NSR for combined operations despite absolute increases in 

emission inventories being observed. More voyages are completed when combining 

Suez and NSR transits, so more fuel is consumed, but the increase in transport work 

offsets the increases in absolute fuel consumption. This is because of lower unit 

energy consumption and lower Arctic air pollution externalities. When normalising 

the unit energy consumption (per tonne) for year-round or combined behaviours the 

unitised energy consumption is lower than it is for the Suez Canal Route which 

indicates less energy is consumed. Under this scenario the utilisation of the NSR 

leads to a higher efficiency in terms of energy consumption. 

 

 

Figure 8-4. The megajoules per tonne of freight transported normalised against the 

value for year-round Suez Canal Route transits. The 2035 and 2050 values are 

consistent. Blue bars represent year-round NSR transits and red bars, combined 

NSR – Suez Canal route transits.  
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Figure 8-4 shows that less energy is consumed per deadweight tonne when utilising 

the NSR, apart from combined NSR – Suez Canal Route transits in 2020. For year 

round NSR transits the energy efficiency is highest and remains constant with time, 

this is because the NSR is shorter than the Suez Canal Route and the route length 

does not change with time. For combined usage, the normalised value drops 

between 2020 and 2035 then remains consistent. This trend is caused by summer 

ice extent receding sooner than winter ice. This means that despite a lack of sea ice 

during the Arctic summer, ice will still be present during the winter so the navigable 

period in 2035 and 2050 have a similar length (Lenton, 2012; Schellnhuber, 

Rahmstorf and Winkelmann, 2016). Even though this is the BAU case where Arctic 

ice decline is at its maximum, the figure shows that winter ice still remains a barrier 

to Arctic shipping in the considered time horizon.  

The cheapest fuel considered is LSHFO, but is also one of the dirtiest (Clarksons, 

2020a; Faber et al., 2020). Exploring how the inclusion of emission damages affects 

the feasibility of Arctic routes when the baseline is defined to be an open water 2-

stroke/LSFHO container ship will clearly illustrate the effects that externalities have. 

These externalities represent the damages from emissions and is not representative 

of all possible environmental damages. For example, whilst ammonia addresses 

emission externalities it is a highly toxic substance and in the event of an spill in the 

Arctic, it could lead to serious adverse consequences for the local ecosystem 

(Valera-Medina et al., 2021). For the next graph, the feasibility metric for each 

engine-fuel mix is log-normalised against an open water 2-stroke/LSHFO baseline to 

evidence the effect that including externalities can have on the conclusions drawn. 
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Figure 8-5. A containership’s financial feasibility for the NSR (top plot) with the 

feasibility when considering emission externalities (bottom plot), both cases are 

normalised against a 2-stroke/LSHFO baseline container ship. The figure shows a 

large shift in favour of Arctic shipping feasibility when emission damages are 

included.  

 

Figure 8-5 shows that because LSHFO is a polluting fuel, externalities significantly 

alter the costs in favour of Arctic shipping. This is because less fuel is consumed and 

more transport work is completed. Since the commercial performance is log-

normalised against the Suez Canal Route values, metrics greater than 0 mean that 

the NSR is more competitive and values less than 0 means that the Suez Canal 

Route is more feasible. Exclusively considering financial costs shows that in nearly 

all circumstances the NSR is not competitive even under a scenario where maximum 

ice retreat occurs. When considering emission externalities, the NSR becomes 

feasible from 2035 onwards for all fuels. The 2-stroke/LNG has a slightly lower 

feasibility metric than expected due to methane slippage which offsets the 
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approximate 25% reduction in CO2 emissions that stem from its emission factors. For 

ammonia, the reduction in the volume of emissions relative to LSHFO contributes to 

it showing the largest increase in Artic shipping feasibility. This is due to it having the 

largest reduction of CO2eq emissions.  

The results show that when emission externalities are considered, the economic 

feasibility of Arctic shipping increases. The effects of including externalities depend 

on the efficacy of considered engine/fuel combinations in addressing emissions. 

Policies which address emissions sufficiently, or when the fuel and engine mix lead 

to negligible emissions reduce the effect that externalities have on the feasibility of 

Arctic shipping.  

This result is caveated however by being representative of the BAU case where 

Arctic ice retreat is most severe. Furthermore, this result does not necessarily mean 

that increased utilisation of Arctic routes should be interpreted as a positive outcome 

for society. Only emission externalities are considered and there are other risks 

which are not analysed such as cargo/fuel spills that are beyond the scope of this 

thesis. Nonetheless, the evidence in Figure 8-1 and Figure 8-5 show that Hypothesis 

1 can be accepted.  
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8.4. Research Question 2 
 

8.4.1.  Economic Feasibility of the Northern Sea Route 
 

With the effects of including emission externalities now established, the feasibility of 

Arctic shipping can be assessed when including environmental costs. For the first set 

of plots, the feasibility for bulkers, container ships and tankers transiting year-round 

through the NSR are plotted for each SSP – RCP scenario. 

 

Figure 8-6. Commercial feasibility of the different ship types undergoing year-round 

transits through the NSR. All bars on the left correspond with the year 2020, all bars 

in the middle correspond with 2035 and on the right with 2050. Container ships are 

consistently feasible in 2050.  

 

Figure 8-6 shows that in all scenarios the NSR becomes commercially competitive 

for container shipping by 2050 and never becomes feasible for bulkers. The NSR 
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becomes slightly competitive for tankers in some scenarios in 2035. This happened 

due to substantial ice being projected in that case. This can occur in spite of global 

warming due to annual sea ice extent being stochastic (Lemke, Trinkl and 

Hasselmann, 1980; Alexandrov et al., 2013; Kondrashov et al., 2018). The effects of 

interannual variability can be observed in Figure 6-22. Given the architecture of the 

model, if the vessel was projected to take longer than there are days in a month 

(assumed to be 30) then it was assumed that the vessel would not transit through 

altogether. This happens in 2020 in SSP2 –RCP 4.5 and 2035 in SSP1 – RCP 2.6 

and this is indicative of the practical uncertainties associated with year-round Arctic 

transits. Only an Arc 4 class is considered, so to mitigate these effects heavier ice 

class specifications would be needed as they are more powerful. In 3 out of 5 cases, 

container shipping becomes feasible by 2035. Year-round transits through the NSR 

become feasible for container ships because its large energy consumption means 

that it is sensitive to changes in route distance, with substantial reductions in fuel 

consumption leading to lower fuel costs and emissions. Container ships become 

feasible in 2050 rather than 2035 under the SSP3 case because the navigable 

window is not large enough to make the NSR become economically feasible, by 

2050 it expands enough to enable container shipping to become feasible but not for 

tankers or bulkers. What makes the bulk carrier infeasible is its relatively low energy 

consumption. This means that the benefits which come from using shorter routes are 

not significant enough for it to become commercially feasible for bulk carriers to 

transit through the NSR year-round. Table 8-2 shows that tankers have a slightly 

higher energy demand profile to dry bulkers and can carry ~ 30,000 more tonnes of 

cargo. This makes it more sensitive than bulkers to reductions in route distance 

which means that whilst it is still not viable for them to transit through the NSR under 

all cases. The feasibility metric is higher for tankers than it is for bulkers.  

Under an SSP3 – RCP 7.0 case, bulkers are strongly infeasible in 2035 relative to 

the other cases and this is because of the air pollution command and control target 

assumed to be adopted for the Arctic. This instrument is tantamount to an emission 

control area and compels Arctic bound operators to adopt LNG. Due to the expense 

of the fuel, engine and damages the Suez Canal Route is considerably more 

competitive than the Arctic because it is not subject to this measure. The same plot 
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is shown for combined transits through the NSR to illustrate how its feasibility 

develops over the same period.  

 

Figure 8-7. Commercial feasibility for combined NSR and Suez activities. All bars on 

the left correspond with the year 2020, all bars in the middle correspond with 2035 

and on the right with 2050. Container ships are consistently feasible from 2035 

onwards.  

 

Figure 8-7 shows that if the NSR and Suez Canal Route are combined it becomes 

economically viable for container shipping and tankers to transit through the Arctic 

from 2035 onwards. Similar to the previous figure, the 2035 SSP1 – RCP 2.6 case is 

discounted due to sea ice stochastics. Dry bulkers still do not become feasible under 

any circumstances. Recalling the insights from Figure 8-2 and Figure 8-3, when 

combining the NSR and Suez Canal Route more annual voyages can be completed 

and subsequently more cargo carried. Container ships are the fastest vessel type 

and carry the most cargo compared to tankers and bulkers which means that it 
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completes a higher number of voyages and can transport larger volumes of cargo. 

This means that combining the NSR and Suez Canal Route substantially decreases 

the unit cost per tonne of cargo transported. The inverse is true for bulkers, where 

given its slower speeds, low energy consumption and low deadweight tonnage it 

cannot gain significant benefits when combining the two routes. Tankers fall in 

between the two, its design speed is similar to the dry bulker’s design speed, but its 

power and deadweight tonnage are slightly higher which means that whilst it does 

not get as much economic benefits as container shipping does, it is significant 

enough for Arctic shipping to become competitive.  

The magnitude of the feasibilities is relatively more consistent when compared to the 

previous figure and this is because the behaviour is not dependent on the extent of 

sea ice during a given year. The results from Figure 8-6 and Figure 8-7 suggest that 

between 2020 and 2035, there is a large change in Arctic shipping feasibility. There 

is little change between 2035 and 2050, plus the magnitude of the feasibility metrics 

are consistent across each scenario. The invariance between the years 2035 and 

2050 shown in Figure 8-7 occurs because there is little to no expansion of the 

navigable period between 2035 and 2050. Whilst Arctic summer ice is expected to 

recede, winter ice will remain present. The expected summer ice decline is both 

significant enough to facilitate the increase in accessibility to ships as well as its 

economic feasibility. Only three years are considered in this investigation, therefore 

there is insufficient evidence to conclude that 2035 is either the year that Arctic 

shipping becomes feasible or for deductions to be made during the intermittent 

years.  

 

8.4.2.  Fuels and Northern Sea Route Feasibility 
 

Both Figure 8-6 and Figure 8-7 show the feasibility based on the socio-economic 

scenario, but an analysis of the fuels and feasibility of the routes show that the 

operating fuel has some impact on the commercial feasibility of the route. This is 

particularly pertinent for market-based measures such as the carbon tax which 

directly translates the cost of CO2eq emissions into a tangible cost. The effect this 
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has on NSR route economics is illustrated in a bar chart which shows the feasibility 

metric derived from financial costs.  

 

 

Figure 8-8. Feasibility of the NSR across the different fuels and scenarios, the results 

apply to container ships and the year 2035. The top graph pertains to year-round 

NSR transits and the bottom graph to combined NSR and Suez Canal Route 

transits. The carbon price affects Arctic shipping feasibility differently depending on 

the behavioural scenario.  

 

Figure 8-8 shows how the carbon price affects the feasibility of the NSR depending 

on whether it is used exclusively throughout the year or combined with the Suez 

Canal Route. The feasibility metric in Figure 8-8 does not consider emission 

externalities, it only includes the financial costs and the carbon price. The value for 

2-stroke/MDO under a SSP5 – RCP 8.5 case is very close to zero, as opposed to a 

null number. Under certain pathways there are fuels which are not available due to 
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the command and control measures assumed in the scenarios. The two green SSP1 

cases are not included in the figure because the combination of command and 

control and market-based measures reduced the compatible fuels to Fuel Cell/Green 

NH3 which is assumed to have zero upstream emissions. The SSP1 assumption 

assumes total decarbonisation by 2035 and that ammonia is produced from 

renewable electricity, based on its sustainability narrative. Consequently, the market-

based measures won’t affect the feasibility of Arctic routes as these vessels produce 

zero operational or upstream emissions. Furthermore, no carbon price is assumed 

for the SSP5 – RCP 8.5 and SSP3 – RCP 7.0 scenarios due to the measure being 

incompatible with the narratives.  

The most noticeable trend is that in the SSP2 – RCP 4.5 case the carbon price has 

opposite effects on year-round and combined NSR feasibility. For year round transits 

the carbon price makes the NSR more competitive for fossil fuels and less so for 

ammonia. The opposite effect is observed for combined transits, where the NSR 

becomes less viable for fossil fuels and more so for ammonia. Bearing in mind these 

metrics do not consider environmental externalities, given that ships consume less 

fuel when transiting year-round through the NSR it means that there are less GHG 

emissions, so a lower carbon tax is incurred. Since fossil fuels emit the most GHGs, 

ships that use these fuels are more sensitive to reductions in fuel consumption than 

ships that operate with zero carbon alternatives. The inverse happens with combined 

activities because the higher GHG emissions shown in Figure 8-2 means that 

vessels which use fossil fuels will incur a comparatively higher carbon tax. This effect 

is not seen with ammonia fuelled ships because ammonia is a zero-carbon fuel, 

meaning these ships produce no operational GHGs. Therefore, the carbon tax only 

applies to upstream emissions. This is evidenced by the magnitude of the feasibility 

for ammonia fuelled ships remaining the same between all scenarios. Implementing 

the carbon price increases the range of feasibility magnitudes as shown by a 2-

stroke/LSHFO ship becoming even more feasible relative to SSP5 – RCP 8.5 and a 

fuel cell ammonia maintaining the same level of feasibility.  

With SSP3 – RCP 7.0 a regional air pollution emission control area is assumed to be 

adopted over the Arctic region, and this renders LSHFO and MDO incompatible. 

With SSP3 – RCP 7.0, a 2 – stroke/NH3 mix is the most competitive fuel mix for year-

round transits but for combined it is a Fuel Cell/NH3 combination. The reason why 
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the ammonia ship becomes competitive in year round activities as opposed to the 

LNG variant is because 2-stroke/NH3 emits a greater quantity of air pollution than 2-

stroke/LNG does, because this specific case does not include emission externalities 

this effect is not considered (Smith et al., 2019b). Furthermore, ammonia has a low 

energy content relative to the other fuels which makes its specific fuel consumption 

higher and therefore the vessel becomes more sensitive to changes in route 

distance. The introduction of a carbon price has implications for policymaking 

because given combined transits, introducing it could discourage the use of Arctic 

routes by ships that operate with fossil fuels.  

The cost differentials between the NSR and Suez Canal Route are illustrated to 

show the proportion and direction that each cost type and for which engine – fuel 

combination. This equation can shed insights into the SSP2 – RCP 4.5 outcome 

shown in Figure 8-8. In this case 𝑥 from eq. (5-108) is the voyage, operating, capital 

and carbon tax expenses.  

 

Figure 8-9. Differential cost per tonne for a container ship under an SSP2 – RCP 4.5 

case for the years 2035 and 2050. Substantial reductions in annual voyage costs 

and carbon taxes can be observed for vessels that transit through the NSR.  
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Figure 8-9 shows that for year-round transits all the variable cost differentials are in 

favour of the NSR and fixed costs are in favour of the Suez Canal Route, with 

combined transits all cost types are favour the NSR in smaller magnitudes. Variable 

expense differentials favour the NSR because the container ship consumes less fuel 

when operating exclusively through the NSR, but fixed cost differentials do not 

favour the NSR because it cannot complete more transits than it would operating 

exclusively through the Suez Canal Route. With combined activities the relatively 

lower intensity of unit energy consumption and higher number of annual voyages 

mean the operator can reduce their variable and fixed cost differentials. The 

difference between each constituent cost explains the patterns observed in Figure 

8-8, and it proves that carbon price affects the feasibility of Arctic routes. For residual 

fuel oils the internalisation of GHG externalities through a carbon price mean that the 

operator could save carbon tax costs by transiting through the NSR. Figure 8-9 

shows that the positive carbon tax differentials offset the negative fixed cost 

differentials. Greener fuels emit less GHGs, so it is not exposed to carbon pricing 

mechanisms. However greener fuels are more expensive, so the voyage cost 

differentials favour the NSR more than they do for fossil fuels. The voyage cost 

savings still offsets the negative fixed cost differentials. This has implications for 

policymakers, as a global carbon tax makes year-round Arctic shipping more feasible 

for container ships that are powered by fossil fuels. Consequently, the risk of year-

round shipping being inadvertently incentivised must be studied further.  

In 2050 and with a zero emission control area being assumed, only fuel 

cell/ammonia ships become compatible. For both combined plus year-round 

scenarios, there is no significant change in magnitude and sign of the cost 

differentials from 2035 to 2050. Moving towards bulkers, its cost differentials are 

explored in Figure 8-10 to better understand why they are infeasible under even 

under the most extreme warming scenario. The bar chart shows the proportion of 

each considered cost and the effect it has on the feasibility of the NSR relative to the 

Suez Canal Route. This chart also includes emission externalities, which are 

decomposed into ‘Air pollution cost’ and ‘Climatic cost’. Air pollution damages 

represent externalities emanating from NOx, SOx and PM2.5 whereas climatic costs 

represent CO2eq emission damages.  
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Figure 8-10. Constituent differential costs for the reference dry bulker under the BAU 

case. The large negative differential for operating and capital costs explain why the 

NSR is not feasible for bulk carriers.  

 

Figure 8-10 shows that large fixed cost differentials favour the Suez Canal Route 

and outweigh any variable cost reductions for year round activities, furthermore there 

are little variable and environmental cost reductions when combining the Suez Canal 

Route and NSR. Figure 8-10 shows that reductions in air pollution damages are the 

greatest benefit for bulkers to transit the NSR. The effects of fuel consumption 

reduction and less intense energy consumption are compounded by the Arctic being 

less densely populated than the regions surrounding the Suez Canal Route, leading 

to tangible reductions in air pollution externalities. Air pollution differentials are not as 

significant with LNG and fuel cell powered ships because using LNG does not lead 

to much operational air pollution and fuel cells are a zero-emission technology 

(Smith et al., 2019b). However, these reductions do not offset the fixed cost 

differentials. This stems from bulkers having a comparatively low energy demand 
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and lower cargo carrying capacity than containers or tankers which makes it difficult 

for this ship type to overcome sea ice resistance and reap the benefits of shorter 

Arctic routes. With exclusive use of the NSR, reductions in air pollution damages or 

voyage expenses cannot offset the increases in fixed costs under year-round transits 

because it completes significantly less voyages than using the Suez Canal Route. 

For a combination of the two routes, the fixed costs are reduced but the overall 

increase in transport work and the low energy demand of the ship make it less 

sensitive to changes in route length. This translates into reductions in fixed costs and 

air pollution damages but increases in voyage expenses and climatic costs. Tankers 

exhibit different properties depending on whether the activity is year-round through 

the Arctic or combined with the Suez Canal Route. It is expected that the differentials 

will exhibit a similar pattern to bulkers in terms of sign, but the absolute value of the 

cost differential will be smaller given the larger cargo carrying capacity of the 

reference tanker.  

 

 

Figure 8-11. Tanker component cost differentials under a BAU case. Large savings 

in externalities combined with negative differentials for capital and operating costs 

explain why tankers appear to have mixed NSR feasibility. 



 

 
328 

Figure 8-11 shows that the cost differentials for tankers have the same pattern as 

they do with dry bulkers, except that the benefits appear to outweigh the fixed costs 

in some cases. This is because of a combination of the technical performance of 

tankers being similar to dry bulkers but the extra cargo carrying capacity making it 

more efficient in terms of unit costs. This means that whilst tankers do not 

necessarily perform better than dry bulkers when passing through ice, they do carry 

more cargo per voyage. More ice is encountered under year-round Arctic transits 

and this translates into an effect where because a lower number of transit voyages is 

completed. Hence the capital and operating cost differentials favour the Suez Canal 

Route. The extra transport work that tankers can do is enough to make Arctic 

shipping a feasible enterprise for tankers in certain cases. 

Operating fuels do not appear to impact the feasibility of the NSR significantly. The 

greatest difference lies between fossil fuels and ammonia, but it does not change the 

overall outcome. Upon inspecting the cost differentials, the differences between 

ammonia and fossil fuels becomes more apparent. The environmental and voyage 

cost savings are at a similar magnitude to one another, which explains why there is 

little difference between the fuels on the overall feasibility. The carbon price has 

opposite effects on year-round and combined activities. Whilst its impact is small, a 

global carbon tax may inadvertently incentivise year-round Arctic transits and 

policymakers must assess the chance of that happening. The investigation can 

progress to understand how the feasibility of routes further north of the NSR may 

develop. Since these routes are even shorter than the NSR, it is worth investigating 

them to see if Arctic ice retreat is significant enough to make them accessible to 

shipping. This is because the cost savings may be greater than those gained from 

using the NSR.  
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8.4.3.  Alternative Arctic Routes 
 

The two Arctic routes outside of the NSR are categorised as the intermediary route 

and the TPP, with the TPP being the northernmost route and the intermediary route 

mathematically bisecting the latitude of the NSR and TPP. Due to Arctic summer ice 

being expected to recede when global warming reaches Paris Agreement limits, the 

accessibility of the routes north of the NSR could become significantly more 

accessible in the coming years (Lenton et al., 2008; Schellnhuber, Rahmstorf and 

Winkelmann, 2016; Steffen et al., 2018a). Depending on the warming scenario and 

stochasticity of sea ice extent, the accessibility in individual years is less important 

than the change in results between 2035 and 2050 (Lemke, Trinkl and Hasselmann, 

1980; Alexandrov et al., 2013; Kondrashov et al., 2018). As the model is structured 

in a way that assesses the economic viability for 3 distinct years, it cannot pinpoint 

when these routes will develop but what it does show is an indication of the 

commercial feasibility relative to the NSR. Firstly, the results for year-round transits 

are shown with the feasibility metric still derived from the total cost.  
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Figure 8-12. Feasibility of the NSR, intermediary and TPP routes under year-round activities, for a container ship under all the 

scenarios. The NSR shows the greatest feasibility for all Arctic routes and across all considered socio-economic and global 

warming scenarios.  
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Figure 8-12 illustrates that by 2050 the NSR becomes economically feasible for year-

round transits under all scenarios, the intermediary route in 4 out of 5 cases and the 

TPP only under the BAU case. In 2035, the intermediary and TPP routes are 

accessible for SSP2 – RCP 4.5 and SSP1 – RCP 1.9 cases, and the intermediary 

passage is accessible in the BAU case. At first glance, the 2035 results indicate that 

under moderate to greener scenarios the alternative Arctic routes become feasible, 

however this is more likely due to the stochasticity of ice extent as the same result is 

not observed in 2050. What this result does suggest however is that even under a 

1.5ºC warming scenario the northernmost shipping route may be sporadically 

accessible. This is compounded by the policy scenarios and relationship between 

route distance and energy consumption discussed previously. As illustrated in Figure 

8-4 and Figure 8-9 Arctic routes are less intensive and reductions in climatic plus air 

pollution damages when using northern passages substantially increase their 

feasibility for dirtier fuels. When this dynamic is intertwined with variable sea ice 

extent, they become as competitive as the NSR due to their shorter distance and 

savings from dirtier fuels. An exception is the NSR under the SSP3 – RCP 7.0 case, 

this is due to the expensive capital and operating costs pertaining to LNG technology 

and a strong presence of sea ice. Given this is another high warming scenario it is 

surprising to observe that the intermediary and TPP do not become similarly 

accessible to the SSP5 – RCP 8.5 case. This may be due to the assumptions 

underpinning the narrative for the SSP3 – RCP 7.0 pathway, where the world is 

poorer and has a lower overall population compared to the SSP5 – RCP 8.5 

scenario causing a slower emission trajectory (Rogelj et al., 2015; Riahi et al., 2016, 

2017; Rao et al., 2017b; Gidden et al., 2019). This is supported by the evidence from 

Figure 4-6, where the figure shows the emission trajectory is not as aggressive as it 

is for SSP5 – RCP 8.5 and the ice decline happens over a longer period. It is also 

compounded by the Arctic tariffs being protectionist and asymmetrical policy targets 

between the Arctic region and elsewhere (refer to Table 7-5), which leads to a 

difference in operating fuels between the Arctic routes and Suez Canal Route. For 

the TPP and the intermediary route, the feasibility metric is higher than it is for the 

NSR, but it is unclear if this is due to sea ice stochasticity or economic feasibility. 

Based on the large change in results relative to 2035, it appears that sea ice 

stochasticity may be responsible for the slightly higher magnitudes. Therefore, it is 
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concluded that under all scenarios the NSR remains the most feasible option from 

2035 to 2050. 

Moving to a combined scenario, little change occurs in the trends. They are largely 

consistent with the observations made in Figure 8-12 and this is because the same 

dynamics in terms of sea ice accessibility and policy apply. The next figure shows 

the same plot but for combined transits. Less variance can be observed between the 

results.
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Figure 8-13. Feasibility across the routes for all scenarios when combining Arctic routes with Suez, for container ships. The NSR is 

consistently feasible by 2050 across all considered socio-economic and global warming scenarios. 
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Figure 8-13 shows that when combining the considered Arctic routes with the Suez 

Canal Route there is less variance between the socio-economic and warming 

scenarios than there are for year-round transits. Otherwise, the same pattern 

emerges and the magnitudes are relatively similar. The green and moderate 

scenarios show that the intermediary and TPP become accessible and economically 

competitive, however these results are less indicative of an upturn in long term 

commercial feasibility as the results in for 2050 show a considerable decrease in 

their viability. As before, only the BAU pathway shows some degree of consistency 

between the metrics for the intermediary and TPP routes and only with the NSR is 

there some degree of invariance in terms of estimated feasibility. Utilising the Suez 

Canal Route during the winter means increased fuel consumption and work as 

shown in Figure 8-3. This means that the estimated feasibility of Arctic routes is not 

as high as they were projected in the previous figure. Therefore, for both combined 

and year-round Arctic activities none of the routes surpass the economic feasibility of 

the NSR by 2050, except for the BAU case.  

 

8.4.4.  Open Water Ship Feasibility 
 

The feasibility of open water vessels can be explored in greater detail. Given the 

SSP – RCP narratives outlined in Chapter 7 they are only permitted to transit 

through the NSR under the SSP5 – RCP 8.5 case as this activity is not compatible 

with the other narratives. The next plot shows the feasibility of an open water 

container ship operating through the NSR. They are only permitted to operate 

through the summer months where they are exclusively assumed to undertake 

combined activities. 
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Figure 8-14. Feasibility of an open water containership transiting through the NSR. 

Combining the NSR with the Suez Canal Route yields significantly more favourable 

results than year-round transits do.  

Figure 8-14 shows that year-round transits are feasible for container ships despite 

them not being able to transit through the NSR during the winter. Given that the 

winter months are assumed to be inaccessible to open water shipping during the 

winter months it is surprising to observe that exclusive use of the NSR is feasible. 

The feasibility for this activity drops with cleaner alternative fuels and this suggests 

that the cause of year-round activities being feasible is because of the large savings 

gained from environmental damage reductions. Year-round activities are not as 

feasible as combining the NSR and Suez Canal Route and the range between the 

minimum and maximum values is less. A chart of the cost differentials produces 

insights on why the feasibility develops in the manner that it does and confirms the 

hypothesis that environmental cost savings lead to year-round transits being 

feasible.  
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Figure 8-15. Cost differential of an open water containership transiting through the 

NSR. Substantial savings in climatic costs can be observed with fossil fuelled ships 

and voyage costs with ammonia fuelled ships.  

Figure 8-15 evidences the hypothesis that environmental cost savings are what 

make year-round transits feasible for open water container ships. The results show 

why a combination of Suez and NSR transits leads to less variance and more 

feasible outcome. For year-round operations the fixed cost per tonne favours the 

Suez Canal Route as the total transport work that the vessel is capable of is 

reduced. When a combination of the two routes is used, the opposite effect happens 

where the vessel can achieve a greater volume of transport work and all constituent 

costs from externalities to voyage expenses are reduced. A larger proportion of the 

voyage expenses is reduced for year round transits than it is for combined behaviour 

and this is because overall there is less transport work completed, but what Figure 

8-15 also shows is that without considering the emission externalities from shipping it 

is likely the model would have returned a result that suggests year round open water 

shipping is uncompetitive. This is because the climate change and air pollution costs 
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are what offsets the fixed cost differentials. The other end in terms of viability is 

considered by illustrating the feasibility of open water Arctic shipping for dry bulkers.  

 

Figure 8-16. Commercial feasibility of open water dry bulkers transiting through the 

NSR. Combining the NSR with the Suez Canal Route is the only case where bulk 

carriers exhibit some feasibility.  

Figure 8-16 suggests that the only case when Arctic shipping becomes competitive 

for dry bulkers is when combining travelling through the NSR and Suez Canal Route 

under a BAU scenario. This is because there are tangible benefits from additional 

transport work being completed. Year-round operations are not competitive under 

the BAU case. Similar to container shipping, the feasibility drops with cleaner fuels 

which suggests that emission damages are influencing the feasibility of the route, in 

this case it seems the emission damages are not enough to make Arctic shipping 

competitive. This insight is proven by the next illustration which shows that the 

capital and operating cost differential does not favour the NSR for year-round 

transits. 
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Figure 8-17. Unit cost differentials for an open water bulker transiting through the 

NSR under a BAU case. The large negative capital and operating cost differentials 

explain why year-round activities are not feasible for bulk carriers.  

Figure 8-17 shows that for fossil fuels, the savings from emission damages do not 

offset the increased fixed cost differentials from exclusive Arctic shipping. The chart 

exhibits the same pattern as it did for container ships where less transport work 

translates into higher fixed cost differentials and nearly all constituent costs are 

reduced for combined transits. Since container ships and dry bulkers represent the 

lower and upper range in terms of energy intensity and cargo carrying capacity, the 

plots for tankers are not shown here and are included in the appendix for brevity. 

Lastly, the feasibility of the other Arctic routes is explored for open water container 

shipping in a combined scenario. 
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Figure 8-18. Alternative Arctic route feasibility for an open water containership in the 

year 2050. The Intermediary Route (INT) and the TPP are combined the Arctic with 

the Suez Canal Route, under a BAU case. The NSR is the most feasible route as the 

feasibility metric is higher than it is for the intermediary route and the TPP. 

Figure 8-18 shows that under an SSP5 – RCP 8.5 case the NSR and intermediary 

routes have roughly equal levels of feasibility. This result is caused by a large loss of 

sea ice. The accessibility grows to such an extent that open water vessels which 

normally cannot transit through sea ice greater than 10cm are able to operate 

through Arctic routes further north than the NSR. Whilst the illustrations only account 

for one scenario, they shed light on what the possible future may be under a BAU 

narrative. 

Open water Arctic shipping is principally feasible when an Arctic route is combined 

with the Suez Canal Route. Whilst Figure 8-14 shows that year round transits 

through the NSR are feasible for open water container ships, Figure 8-15 shows this 

is largely due to climatic and air pollution cost savings which means that under a 

market based perspective it is unlikely to be competitive for this activity.  
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8.4.5.  Research Question 2 – Stochastic Assessment  
 

A stochastic output considers a range of outcomes that better reflect the 

uncertainties surrounding shipping through the Arctic. This analysis complements 

and balances the deterministic assessment from the previous section and shifts the 

focus towards how input parameter variability and uncertainties affect overall 

feasibility. The input domain was deduced from the literature and its limits from 

physical or social constraints, the sample populations were created using the SAFE 

toolbox and MATLAB’s Statistics and Machine Learning toolbox was used to deduce 

the regression curves and correlation coefficients (Pianosi, Sarrazin and Wagener, 

2015; Sarrazin, Pianosi and Wagener, 2017; Mathworks, 2021). Hereafter, when 

discussing routes through the Suez Canal the route is referred to as ‘Suez Route 

Length’ rather than ‘Suez Canal Route’ since its length is variable and no longer 

fixed. Furthermore, only 2035 and 2050 are considered as not enough activity can 

take place in the year 2020.  
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Table 8-3. List of considered parameters for the stochastic experiment. The range outlines the minimum and maximum values that 

the sample can take from, followed by the source for the ranges. 

Parameter Range Source 

Engine load (%) 0 – 100   

Arctic route length (NM) 7000 – 9000  (Farré et al., 2014b) 

Suez Route length (NM) 9000 – 11000  (Farré et al., 2014b) 

Icebreaker tariff (US $2020 

per voyage) 

0 – 500000  (Ministry of Justice of Russia, 2014) 

Cost of carbon (US $2020/t) 0– 1000  (Hope, 2011b; Nordhaus, 2017; Ricke et al., 2018; Tol, 2018; Wang et al., 

2019) 

NOx (US $2020/t) 309 – 69000  (Korzhenevych et al., 2014; Song, 2014; Shindell, 2015a; Zhu et al., 

2018; European Commission et al., 2020; Wang et al., 2020) 

PM (US $2020/t) 5500 – 

550000  

(Korzhenevych et al., 2014; Song, 2014; Shindell, 2015a; Zhu et al., 

2018; European Commission et al., 2020; Wang et al., 2020) 

Fuel price (US $2020/t)  200 – 1500  (Smith et al., 2019b) 

Arctic black carbon GWP 120 – 1800  (Bond et al., 2013) 
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Table 8-3 shows the range of values considered for both the stochastic assessment 

and sensitivity analysis on Arctic shipping feasibility. The probability distribution that 

the samples are taken from is assumed to be uniform. Beginning with engine load, 

the range between 0 and 1 is intuitive and requires no source. Despite preliminary 

evidence suggesting that the icebreaker tariff has no influence over economic route 

feasibility, it is included because it is a common topic of study in the literature 

(Gritsenko and Kiiski, 2016; Cariou et al., 2019; Theocharis et al., 2019). 

Externalities are included, except for SOx as its significance is a deterministic output 

that depends on the fuel considered. Fuel price is included for the same reason that 

icebreaker tariffs are, and lastly the black carbon GWP is included because the wide 

range of values GWP that could be assigned to black carbon affect the climatic 

damages emanating from Arctic shipping. For comparison, the nominal values are 

shown. 
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Table 8-4. Nominal values used in the deterministic analysis. These figures can be compared with the ranges in the previous table. 

Parameter Nominal value 

2020 2035 2050 

Engine load Bulker – 54%; Container – 

40%; Tanker – 48% 

Bulker – 54%; Container – 40%; 

Tanker – 48% 

Bulker – 54%; Container – 

40%; Tanker – 48% 

 

Arctic route length (NM) 7,540 7,540 7,540 

Suez route length (NM) 10,800 10,800 10,800 

 

Icebreaker tariff (US 

$2020 per year)* 

Bulker – n.a; Container – 

730,000 

Tanker – n.a  

Bulker – 660,000; Container – 

2,300,000; Tanker – 780,000 

Bulker – 880,000; Container – 

2,700,000; Tanker – 1,000,000 

Cost of carbon (US 

$2020/t) 

100 425 582 

NOx (US $2020/t) Arctic – 3,240; Suez – 2,660 Arctic – 4,360; Suez – 3,580 Arctic – 5,860; Suez – 4,820 

PM (US $2020/t) Arctic – 7,980; Suez – 26,600 Arctic – 10,800; Suez – 35,800 Arctic – 14,500; Suez – 48,200 

Fuel price (US $2020/t)** Please see Table 5-6. Please see Table 5-6 Please see Table 5-6 

Arctic black carbon 

GWP 

1700 1700 1700 

*Icebreaker tariff depends on the policy scenario and behavioural case, as a protectionist stance would have higher tariffs. The 

values shown are for a competitive stance and for when the NSR is combined with the Suez Canal Route.  

**Due to the large range of engines and fuels considered, not all values can fit into the entry. 
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Table 8-4 shows the nominal values for the deterministic analysis done previously. 

The values and their sources are discussed in detail in Chapters 4 and 5. The table 

shows how uncertainty may propagate through the deterministic answer as key 

parameters are fixed across the years 2020, 2035 and 2050. Some values such as 

the icebreaker tariff and emission costs do vary with time, but other parameters such 

as route lengths and black carbon GWP do not. By varying these values, the 

uncertainty in the feasibility metric can be ascertained. With regards to the 

externalities, they are still modelled to behave as they would under normal 

circumstances – i.e. cost of carbon and air pollutant damages increase with time. As 

the albedo effect is considered unique to the Arctic routes, the Suez black carbon 

GWP is proportionally less than its Arctic value. The sample size is set to be equal to 

200×n where n is the number of considered parameters (in this case 9, so 1800) 

(Pianosi et al., 2016). Box plots are used to show the range of possible feasibility 

metrics for each ship type and socio-economic warming scenario.
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Figure 8-19. Box plots showing the total cost feasibility metric for dry bulkers, container ships and tankers. The plots indicate the 

uncertainty for each scenario and behavioural case. 
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Figure 8-19 shows how much uncertainty comes with the deterministic results 

discussed previously, but most importantly it addresses the likelihood that the NSR 

will become feasible. Apart from the SSP1 – RCP 1.9 case, there is a substantial 

chance the NSR becomes feasible for container ships by 2050 and that it remains 

uncompetitive for bulkers and tankers. This is due to the same reasons discussed in 

the deterministic analysis section. In 2035, there are more pro-feasible outliers 

across all the ship types and scenarios than there are for an uncompetitive NSR. 

This may be caused by the variation of cost of carbon and the pro-NSR effect that 

including emission externalities has on its viability. This point is supported by the lack 

of pro-NSR outliers in the SSP1 – RCP 1.9 case. Furthermore, there is substantially 

less variance associated with combined transits than with year-round activities and 

this is evidenced by the smaller size of the box and fewer outliers when compared to 

year-round transits. There is no result for the SSP1 – RCP 2.6 scenario because in 

2035 because the NSR was deemed inaccessible at that year. Lastly, the feasibility 

decreases substantially between 2035 and 2050 despite projected loss of Arctic ice. 

This could be due to the vessel operating with residual fuel oil in 2035 changing to 

either a fuel cell or combustion engine fuelled by ammonia. The next boxplot shows 

the distribution of the financial costs.  

Considering that the results were produced from varying key parameters 

simultaneously, this model shows that there is roughly a 50 – 75% chance that the 

NSR becomes economically feasible for container shipping and an equal chance that 

it becomes unviable for tankers. There is at least a 75% likelihood it never becomes 

competitive for dry bulkers. The probability can be gauged from how much of the box 

plot fits above the y = 0 line and the value itself depends on the socioeconomic – 

warming scenario. Similar to the deterministic investigation there is some degree of 

consistency across each case. Although large proportions of each box plot show the 

NSR as feasible for bulkers and tankers in 2035, a significant shift that is 

unfavourable to the NSR occurs by 2050. This is despite the summer Arctic ice 

retreat and may be caused by the fuel transition to ammonia. As there is a scientific 

consensus on the physical necessity of a fuel transition to zero carbon fuels, 

returning to fossil fuel use is unlikely. The feasibility without externalities is now 

considered.  
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Figure 8-20. Box plots of the feasibility metric when considering exclusively financial costs for the NSR and across all considered 

socio-economic and global warming scenarios.  
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Figure 8-20 exhibits a significant shift in the distribution towards infeasibility for the 

NSR, when financial costs are considered. However, in the year 2035 the NSR is 

largely unfeasible for all ship types and scenarios, in 2050 the NSR is more feasible. 

This upturn in commercial feasibility is what would intuitively be expected because of 

Arctic ice retreat, inverting the trend illustrated in the previous figure. Without 

emission externalities to increase the feasibility of shipping in 2035, the number of 

outliers shifts markedly towards commercial unviability and the 2050 results are 

markedly similar to the illustrations from the prior chart. Significant portions of the dry 

and wet bulker box plots for each scenario lie underneath the zero benchmark line, 

which means that there is a significant chance the NSR is uncompetitive for them. 

The SSP3 – RCP 7.0 case appears to be a large outlier in 2035 and this is due to 

the ship operating with a 2-stroke/LNG and the low amount of transport work 

completed. The asymmetric policy assumption for this case means the 2-stroke/LNG 

ship is compared against the conventional 2-stroke/LSHFO ship, this makes the 

outcome substantially infeasible. The increase in capital and operating expenses for 

this engine – fuel combination can be confirmed in Figure 8-6, Figure 8-10 and 

Figure 8-11.  

The results here suggest that Arctic shipping feasibility increases with time and 

coincides with summer ice decline. When assessing the feasibility in terms of 

financial costs, the NSR’s viability is found to be mixed and this can be assumed to 

be representative of a market-based outlook. This has implications for policymakers 

as internalising emission externalities in the mid 2030s may inadvertently make 

Arctic shipping more possible. Despite the downwards shift in the feasibility metrics, 

there is still an ~50% chance that it the NSR is competitive for container shipping 

across all scenarios. The convergence of the results between this figure and the 

previous one in 2050 adds to the robustness of those outlooks, they suggest that the 

NSR becomes feasible for container shipping irrespective of policy. The potential 

influence of externalities and number of possible voyages is illustrated in the next set 

of plots. 
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Figure 8-21. A box plot of the emission damages, taken from the differential between the total and financial feasibility metrics.  
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Figure 8-22. A box plot of the total number of voyages, a proxy for possible transport work. 
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Figure 8-21 shows the distribution of the differential between the two metrics and 

confirms that the omission of environmental externalities led to a large drop in the 

NSR feasibility. The SSP3 –RCP 7.0 case has the highest differential. Due to 

adoption of ammonia fuel cell technology in the SSP1 cases, differentials can only 

be observed in the SSP2 – RCP 4.5, SSP3 – RCP 7.0 and SSP5 – RCP 8.5 

scenarios. Despite the same operating fuel being assumed in SSP2 and SSP5 

scenarios, the former has a smaller differential because the externalities are partially 

addressed through a carbon price. In 2050, each ship is assumed to adopt ammonia 

as a fuel and is either powered by a combustion engine or fuel cell. This explains 

why even between the ship types the 2050 results have close agreement amongst 

each other and proves why there is little difference between the 2050 results of 

Figure 8-19 and Figure 8-20. In the cases where fuel cells are not adopted or where 

ammonia is produced using steam methane reformation. Then small traces of 

externalities are still present.  

The next tile shows the total number of voyages for each ship type, which is a proxy 

for the total amount of possible transport work. Given the minimum possible voyage 

is 0 the illustration of some boxes will show no lower whisker. This means that either 

the lower quartile begins from zero, or that the median may be equal to the upper 

quartile. For combining the routes, the container ship distributions exhibit a more 

conventional shape but for both bulkers and tankers the median is skewed because 

of its relatively low maximum power and speed. The comparatively large interquartile 

range for year-round transits also explains why large infeasible numbers of outliers 

were encountered., as there is considerable variation with the number of possible 

voyages that can be completed and the first quartile is equal to zero. The 

substantially higher number of voyages which can be completed when combining the 

Suez and Arctic routes contributes to lower variance observed relative to year-round 

transits. Returning to dry and tankers, the low number of voyages for year-round 

transits (approximately 0 – 6) indicates that this activity is still not feasible for these 

ship types, since an inherently larger number of voyages can be completed when 

transiting through the Suez Canal, despite its longer distance. In 2050, when viewing 

the possible number of voyages within each ship type there is close alignment 

between the possible outcomes. This reinforces the argument that by 2050 enough 
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Arctic ice retreat has taken place for the NSR to become competitive for container 

shipping.  

These results show that combining the NSR with the Suez Canal Route is a more 

practical enterprise than year-round transits for vessels with this ice class. This can 

be inferred by the low variance and risk posed to combined NSR – Suez Canal 

Route shipping. Given that container shipping is heavily reliant on established 

infrastructure, it is unlikely stakeholders would favour an uncertain enterprise 

(Stopford, 2008). This does not suggest that container shipping activity will develop 

at the same pace as its NSR feasibility does because the Arctic is still lacking the 

required infrastructure to support shipping (Cariou et al., 2019; Guggenheim 

Partners, 2019). However, it does imply that stakeholders may develop an interest in 

the NSR in the mid-term future. Year-round container shipping through the NSR 

cannot be ruled out because only a moderately ice strengthened ship was 

considered here. The uncertainties stem from vessel – ice interactions and a heavier 

ice class may address the variance in commercial performance. This implies that for 

year-round container shipping to become practical, the vessels must have heavier 

ice classes than Arc4 and be specialist ships designed to operate under Arctic 

specific conditions which requires infrastructure development. 

Assessing Arctic shipping stochastically has produced results that supported the 

discussion around each research question. Firstly, it was shown that with a 

stochastic analysis that emission externalities still favour Arctic shipping feasibility, 

secondly when varying input parameters there is some variation between the 

outcomes in 2035, but in 2050 they do not vary significantly, evidencing Hypothesis 

2 can be rejected. This is because there is a greater distinction between the fuels 

and set of policy conditions between each ship in 2035 than there are for 2050 – as 

the IMO initial GHG strategy already stipulates that there must be at least a 50% 

reduction in GHG emissions in the maritime industry. Consequently, all ships are 

fuelled by ammonia, through either a fuel cell or combustion engine and this leads to 

the outcomes largely converging with one another by 2050.  
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8.5. Research Question 3 

 

A global sensitivity analysis will facilitate an understanding of which factors drive the 

feasibility of Arctic shipping. Figure 7-2, Figure 7-5 and Figure 7-7 from Chapter 7 

exhibit the breakdown of the model parameters and they were tested in a preliminary 

experiment so that insignificant variables can be excluded from further analysis, the 

results of this experiment can be found in the appendix. The data used to produce 

the stochastic results is analysed using standardised regression coefficients. This 

method depends on the linearity of the meta-models and to illustrate the linearity, the 

adjusted 𝑅2 value is displayed to see how much of the output variance is captured by 

the multilinear regression models.  

The dependent variable is the log normalised feasibility metric from eq. (5-107) and 

the outputs themselves are evaluated according to their p-value with variables 

having a p-value greater than 0.05 are assigned a default value of zero. The first 

graph is a tornado chart that shows the sensitivity indices for container ships that 

transit year-round through the NSR, this illustrates the magnitude and sign of the 

indices. Considered factors are listed on the y-axis and magnitudes on the x-axis.   



 

 
354 

 

Figure 8-23. Bar chart of the indices for container ships transiting through the NSR 

year-round, the higher the R2 value the more valid the predictor is. Engine load, 

Arctic and Suez route lengths are the most consistently influential parameters.  

 

Figure 8-23 show that the engine load, Arctic route length and the cost of carbon (in 

2035) are the most significant parameters. The absolute value communicates the 

magnitude of effect on the output variance, and the sign the direction of the effect. 

Higher engine loads mean greater feasibility and vice versa for the Arctic route 

length. The greater the log-normalised metric, the more economically feasible Arctic 

shipping is so parameters that have a positive sign increase Arctic shipping 

feasibility and negative sensitivities have the opposite effect. No evidence is found to 

suggest that the icebreaking tariff or fuel price hold any tangible influence on the 

viability of Arctic shipping. This result suggests that the framing of Arctic shipping 

feasibility could be expanded to include environmental externalities as the inclusion 

of damage externalities show that climatic costs, followed by air pollutants are 
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significant. The cost of carbon switches sign from 2035 to 2050 where higher values 

make Arctic shipping less feasible in 2035 and vice versa for 2050. The sign switch 

occurs due to the change in fuel from LSHFO in 2035 to ammonia in 2050 – a zero 

carbon fuel. Cost of carbon still demonstrates some sensitivity due to the upstream 

emissions from blue ammonia. Consequently, because ammonia is a zero carbon 

fuel, no black carbon emissions can be emitted which removes the effect that the 

cost of carbon has on Arctic black carbon externalities. The positive effect for 

nitrogen oxides and particulate matter is due to the savings that can occur from 

emitting the species in less densely populated areas. Fuel price becomes significant 

with zero carbon fuels but not as much as engine load and route lengths.  

Returning to the engine load and route lengths, shorter routes and higher engine 

loads more voyages and transport work can be completed meaning lower unit 

transport costs. However, key insights can be drawn from the type of parameter and 

the change in influence between 2035 to 2050. Both engine load and route distance 

are governed by factors extrinsic to Arctic shipping. Engine load can be dictated by 

market forces such as freight rate and fuel price, since these forces can influence the 

operating speed of the ship (Stopford, 2008). Furthermore, whilst route distance is 

varied in practice they are fixed by physical geography – for instance the distance 

between Rotterdam and Shanghai will not change with time. Given infrastructure 

investments the route distance may effectively shorten if Arctic / near – Arctic transit 

hubs develop (Stagonas, Thomas and Ryan, 2018; Guggenheim Partners, 2019). 

The influential variables are governed by social and natural geographic forces which 

are extrinsic to the market but this changes with the 2050 results, where given low 

emissions the externalities lose their influence. The results only apply to year-round 

container ship activities and the sensitivities of bulkers and tankers were investigated 

to better understand why they are infeasible or exhibit mixed feasibility. The same 

charts were used and the two are grouped together because the plots exhibit similar 

characteristics.  
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Figure 8-24. Horizontal bar charts of the sensitivity indices for each considered 

parameter, the top plot corresponds to dry bulkers and the bottom plot with tankers. 

Both cases apply to year-round transits through the NSR. The Arctic and Suez route 

lengths are the most influential parameters.  

 

Figure 8-24 suggests that the sensitivities for dry bulkers and tankers are similar, it 

also suggests that the feasibility for both ship types are influenced by factors that are 

beyond the operator’s control. In 2035, environmental parameters such as the cost 

of carbon, air pollution damages and black carbon GWP are the most significant for 

bulkers and tankers and in 2050 this transitions to the route length. Similar to 

container ships, this happens due to a zero-carbon operating fuel being assumed for 

that year. Engine load appears to be insignificant in 2035 for dry bulkers and partially 
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influential for tankers in 2035, this suggests that higher operating speeds do not 

necessarily influence the outcome for dry bulk operators.  

These results build upon the earlier results by evidencing the effect that extrinsic 

parameters have on Arctic shipping feasibility. With 2050 the engine and fuel pair is 

2-stroke/NH3 and this pair exhibits similar sensitivities to those for container 

shipping, however NOx has some influence and can make Arctic shipping less 

feasible. The model produces contrasting effects for NOx damages, as for a 2-

stroke/LSHFO ship higher damages make Arctic shipping more feasible and for 2-

stroke/NH3 it has the inverse effect, this is because of an increase in NOx damages 

from willingness to pay which offsets the overall reduction in fuel consumption and 

lower NOx emissions. There is also a switch in the sign of the index for a tanker’s 

engine load, and this is due to a reduction of Arctic ice encountered along the NSR 

because when passing through ice the vessel is not powerful enough to overcome 

the extra resistance. With less sea ice the tanker is unimpeded when using the NSR. 

Relative to container ships, the feasibility of bulkers and tankers is more sensitive to 

emission externalities. This is because the lower energy demand of both dry and 

tankers means that shorter routes do not lead to substantial reductions in emission 

costs. Making these vessel types more sensitive to the externalities. When 

considering combined subtle differences in the magnitude of sensitivities can be 

observed.  
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Figure 8-25. Sensitivity indices for combined NSR – Suez Canal Route transits for a 

container ship under a BAU scenario. The results do not change much relative to 

year-round NSR transits.  

 

Figure 8-25 exhibits little change relative to Figure 8-23, as the same parameters are 

influential and exhibit the same trends. However, the magnitude of the engine load 

index is reduced in 2035 and 2050 and this is because both Arctic and Suez routes 

are being used as opposed to one. This means that when the vessel operates at 

higher speeds, it cannot enjoy the full benefits that exclusively travelling through 

shorter routes would bring. In 2035 the cost of carbon supersedes the engine load as 

the most significant variable, and this is because larger absolute fuel consumption is 

more sensitive to climatic damages. Some weight is attached to nitrogen oxide 

damages because of higher fuel consumption combining with higher NOx damages. 

However, its significance reduces in 2050 when ammonia is adopted. For bulkers 
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and tankers that undertake combined activities, the plots show little change when 

compared to year-round transits.  

 

Figure 8-26. Indices for combined activities of dry bulkers (top plot) and tankers 

(bottom plot). 

Figure 8-26 shows that aside from the engine load index switching signs for tankers, 

there is little discrepancy between the results shown in the previous figure for bulkers 

and tankers. The engine load maintains the same sign in 2035 and 2050 for tankers 

because when combining routes Arctic ice is less of an impediment and in 2035 this 

means that if the engine load is increased the vessel can increase the amount of 

transport work completed. The focus can be shifted towards understanding how the 

sensitivities change with different operating engine – fuel combinations. The SSP2 – 

RCP 4.5 case is explored, as all possible fuels coalesce in 2035 in this case. The 

baseline ship is a 2-stroke/LSHFO ship that travels through the Suez. The tornado 
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plot here shows how the sensitivities of each considered parameter vary for each 

fuel considered.  

 

Figure 8-27. Sensitivity indices for 2-stroke/LSHFO, 2-stroke/LNG and Fuel Cell/NH3 

ships under the SSP2 scenario in 2035. Only when there is a change from fossil 

fuels to zero carbon fuels is there a change in the influence of different parameters.  

 

Figure 8-27 shows that a Fuel Cell/NH3 combination successfully addresses air 

pollutant and GHG emissions and that LNG fuelled ships do not sufficiently address 

emission externalities. The differences between LNG and LSHFO sensitivity indices 

are insignificant, this is important because the fuel cell vessel show signs of being 

influenced by market-based factors rather than geographic or physical forces. This is 

evidenced by the high weighting assigned to engine load and emergence of fuel 

price being an influential factor. Whilst the externalities still hold significance, the 

capacity for Suez and Arctic route distances to affect Arctic route feasibility are 

considerably reduced. If there is little change between the drivers of LSHFO and 
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LNG ships, then it can be inferred that there is little difference between the two in 

terms of environmental performance. Therefore, LNG fails to effectively address the 

environmental issues. This argument is strengthened by the shift in sign of the cost 

of carbon for the fuel cell ship compared to the LSHFO and LNG vessels. This shift 

can be explained by the fuel cell ship being zero emissions which means that with 

higher costs of carbon the denominator of the metric increases, and the numerator 

remains relatively constant. Regardless of the policymaking intentions – it was 

evidenced in Figure 8-9 that using Arctic routes leads to reductions of all considered 

costs for fuel cell ammonia ships. So, when considering a scenario that coincides 

strict policy measures in 2050 with a maintenance of the status quo until this point, 

the effect may compel early adopters to use Arctic routes. Only emission damages 

are considered in this study and there may be more effects that ships have on the 

Arctic environment.   
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8.5.1.  Variable Sensitivities – without Externalities 

 

Lastly, the sensitivities of financial costs are evaluated to understand what drives 

market-based feasibility projections. Charts are shown for year-round and combined 

transits. Only changes in the magnitude of the sensitivities can be observed between 

the charts.  

 

Figure 8-28. Sensitivities of key parameters for container ships operating year-round 

under a BAU case, when excluding emission externalities. Fuel price and engine 

load are the two most significant parameters.  
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Figure 8-29. Sensitivities of key parameters for container ships combining the NSR 

with the Suez Canal Route, under a BAU case when emission externalities are 

excluded. The fuel for 2035 is 2-stroke/LSHFO and for 2050 it is 2-stroke/NH3. Route 

lengths and fuel prices are the most influential parameters.  

 

Figure 8-28 and Figure 8-29 show that fuel price and route length become the most 

significant parameters for container shipping. There is little difference between year-

round and combined results, aside from the magnitude of the correlation coefficients. 

For year-round transits, engine load is the most influential followed by fuel price and 

Arctic route length, for combined transits it is Arctic route length that is most 

influential followed by the Suez route length and fuel price. This difference in the 

ranking of factors is likely due to the amount of ice encountered when operating 

under a year-round scenario. Consequently, engine load holds the most influence as 

it dictates how much power the vessel is operating when passing through ice. The 

coefficient is reduced for combined activities because less ice is encountered and 
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therefore it does not affect the overall feasibility of the route as it does for year-round 

operations. In its place, Arctic route length becomes the most influential followed by 

Suez route length – both of which are key determinants of the possible transport 

work the vessel can complete each year. For brevity, the analysis for dry bulkers and 

tankers are not included as there is little discrepancy in the results between the ship 

types shown in Figure 8-23, Figure 8-24, Figure 8-25 and Figure 8-26.  

Hypothesis 3 can be accepted as there are influential parameters which drive the 

feasibility of Arctic shipping, chiefly route lengths and the cost of carbon. The sign 

and magnitude of influence depends on the scenario and operating fuel of the 

vessel, but parameters such as route length and the cost of carbon exhibited 

influence across all considered pathways.  
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8.6. Summary of Hypotheses and Research Question 

Outputs 

 

The hypotheses and research questions that were proposed in Chapter 3 are quoted 

here, followed by the principal insights that address them. 

Hypothesis 1 - The addition of emission damages to financial costs will alter the 

feasibility of Arctic shipping routes. 

Research Question 1 - How will the financial feasibility change when emissions 

damages are accounted for? 

1. Hypothesis 1 can be accepted from the evidence presented in Figure 8-1 and 

Figure 8-5. 

2. In answer to Research Question 1, the inclusion of emission externalities 

increased the economic feasibility of Arctic shipping under both year-round 

and combined transits. For year-round transits reductions in annual fuel 

consumption facilitate a reduction in annual emission damages and when 

combining the NSR with Suez Canal Route. For combined NSR – Suez Canal 

Route transits the better efficiency of Arctic routes offset the additional 

emissions emanating from increased transport work. Furthermore, the 

population density of the Arctic is lower than it is around the Suez Canal 

Route which contributes to lower air pollution externalities. This is confirmed 

when varying input parameter values, with there being a substantial shift 

towards Arctic shipping feasibility when considering emission externalities. 

Hypothesis 2 – The different socio-economic and warming scenarios will influence the 

financial viability of Arctic shipping. 

Research Question 2 - How will different socio-economic and warming scenarios 

influence the financial viability of ships transiting through the Arctic? 

1. Hypothesis 2 can be rejected, principally through the evidence shown in 

Figure 8-6, Figure 8-7, Figure 8-12, Figure 8-13, and Figure 8-19. 
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2. The answer to Research Question 2 is that socio-economic and warming 

scenarios do not ultimately influence the economic viability of ships transiting 

through the Arctic. This is because the summer navigable window extends to 

similar periods across each case. Deterministically, container shipping 

becomes feasible under all scenarios and dry bulkers do not, tankers also 

become feasible when combining NSR and Suez Canal Route for all 

scenarios but for year-round activities they do not (except for the BAU case). 

Stochastic analysis showed that there is roughly a 50 – 75% chance the NSR 

becomes competitive for container shipping and an equal likelihood that it 

does not become feasible for tankers by 2050 by 2050. There is at least a 

75% chance the NSR becomes commercially viable for dry bulkers. 

Furthermore, the financial and total cost projections converge at similar 

feasibility values in 2050 for all ship types and scenarios because all ships 

adopt a zero carbon fuel. This limits the influence that environmental policy 

can have on the long term viability of the NSR. This is because it is already 

mandated that shipping must reduce its GHG emissions by 50% relative to 

2008, therefore in all scenarios ammonia is adopted as a fuel. The only 

difference in the model is whether a fuel cell or combustion engine is fuelled 

by ammonia.  

Hypothesis 3 – There are influential variables which determine Arctic shipping 

commercial feasibility. 

Research Question 3 – What are the most influential variables that determine Arctic 

shipping feasibility? 

1. Hypothesis 3 can be accepted based on Figure 8-24, Figure 8-25, Figure 

8-26, Figure 8-27, Figure 8-28 and Figure 8-29. 

2. The answer to Research Question 3 is that there are variables which 

determine Arctic shipping feasibility. These are the cost of carbon, Arctic and 

Suez route lengths and their influence is shown to be consistent across the 

cited figures. No evidence was found to suggest that the icebreaker tariff 

exerted significant influence, even when emission damages are not 

considered. There is some variation between sensitivities and operating fuels. 
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Externalities hold considerably less influence with ammonia fuelled ships than 

they do for fossil fuelled vessels which suggests that ammonia may be a more 

ideal fuel for shipping because ammonia addresses these costs. This 

suggests that the variables which influence Arctic shipping feasibility can 

change under different socio-economic conditions. Further research is needed 

to study the risks posed to the environment by fuels such as ammonia.   
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9. Discussion 

 

9.1. Introduction 

 

This chapter discusses the findings presented in Chapter 8 in terms of how they 

address the literature gaps and what the key academic contributions are. Each 

literature gap is recalled and discussed to outline how the results have addressed 

them. The theoretical insights are drawn from this discussion and used to suggest 

future research opportunities.  

 

9.2. Research Question 1 

 

The literature review in Chapter 2 identified a gap involving the environmental 

performance of ships transiting through the Arctic. The first gap was defined to be:  

• Environmental performance – Incorporate policy and emissions to understand 

how they will affect the feasibility of Arctic shipping. 

This gap was derived from identifying the main focus of Arctic shipping literature was 

on route selection and that new themes which vary from the environmental impact of 

Arctic shipping to the physical impact of aerosols and other pollutants on the region 

were emerging (Law and Stohl, 2007; Liu and Kronbak, 2010; Furuichi and Otsuka, 

2013, 2015; Lasserre, 2014; AMAP, 2015b, 2017, 2019; Arnold et al., 2016; 

Lindstad, Bright and Strømman, 2016; Yumashev et al., 2017; Ng et al., 2018; 

Theocharis et al., 2018, 2019; Zhu et al., 2018; Wang et al., 2020). Through 

addressing this gap, this thesis builds upon the previous influential work by using 

externality theory to synthesise economic and environmental assessments on Arctic 

shipping. Various articles have assessed the competitiveness of emerging Arctic 

trade routes and direct evaluations on the environmental performance of Arctic 

shipping activities have already been undertaken and this study expands upon them 
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by using the proposed method to include contemporary developments from industry 

(Lasserre, 2014; Lindstad, Bright and Strømman, 2016; Yumashev et al., 2017; Ng 

et al., 2018; Theocharis et al., 2018; Zhu et al., 2018; Wang et al., 2020). Recent 

environmental policy developments and industrial interest in alternative fuels 

necessitated their inclusion in this research because the temporal horizon of policy 

measures and green fuel uptake coincides with Arctic ice retreat (Boucher et al., 

2018; Horowitz et al., 2018; IMO, 2018a; Lloyd’s Register and UMAS, 2019b, 2020; 

Smith et al., 2019b; Faber et al., 2020; Notz and SIMIP Community, 2020).  

Including these developments became possible by grounding this research under an 

externality framework which is widely established in microeconomic theory and it 

facilitated an analysis of the uncertainties in Arctic shipping based on socioeconomic 

and global warming narratives. Without the application of this theory, the 

uncertainties which stem from the possible extent of global warming ice retreat, 

policy uptake and alternative fuels on Arctic trade routes could not have been 

assessed. This is because the purpose of including externalities is to account for the 

environmental trade-offs that occur from economic activities and for policies to 

address them and prevent a ‘tragedy of the commons’ scenario (Mankiw and Taylor, 

2011). Deductively applying the theory meant that critical factors could be identified 

and related to one another using theoretical principles, provided that the 

relationships are stringently validated (Winsberg, 2013). This was achieved using 

mostly quantitative techniques as outlined in Chapter 6. Progressing the 

investigation found that the effects of including emission costs in the definition of 

Arctic shipping feasibility increased its viability.  

This effect emerged in deterministic and stochastic experiments and it was also 

found in Zhu et al., (2018) and Wang et al., (2020) who use environmental 

externalities in their assessment of Arctic shipping viability. Similar to here, it was 

concluded that the lower fuel consumption associated with Arctic shipping and the 

region’s lower population densities led to a pro – NSR outcome, but despite this the 

outcome was caveated by the catastrophic consequences of Arctic ice retreat. The 

principal contributions that can be drawn from this are twofold: 
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• Agreement between outcomes from this research, based on deterministic and 

stochastic analysis with the literature suggest that the effect emission costs 

have in increasing the feasibility of Arctic shipping is robust.  

• Further research is needed to formalise the scope of environmental costs of 

Arctic shipping and to the reconcile the pro - NSR effect that including 

emission externalities has with the adverse impact that Arctic ice retreat has 

on the climate.  

The outcome that the NSR is feasible when including externalities ostensibly 

suggests that this activity is beneficial to society and should be encouraged. The 

large body of evidence on the adverse effects of climate change suggest that the 

disappearance of Arctic ice will accelerate climate change (Lenton et al., 2008, 2019; 

Lenton, 2012; Pindyck, 2013; Burke, Hsiang and Miguel, 2015; Schellnhuber, 

Rahmstorf and Winkelmann, 2016; Steffen et al., 2018b; Kulp and Strauss, 2019; 

Yumashev et al., 2019; Raymond, Matthews and Horton, 2020; Xu et al., 2020). This 

calls into question the veracity of applying externality theory under the context of 

Arctic shipping, especially as some charts such as Figure 8-11, Figure 8-15 and 

Figure 8-17 show that its feasibility is almost exclusively supported by savings from 

emission damages. This is evidenced by the effect that including damages has had 

on the economics of alternative fuels, where in spite of their inclusion trade route 

economics was solely dictated by market-based costs when Fuel Cell/NH3 was 

concerned. Whilst compelling uncertainties over their risks remain it evidences that a 

transition from fossil fuelled ships to zero carbon fuelled ships does address GHG 

emissions and is supported by the scientific consensus on the capacity of zero 

carbon fuels to decarbonise the industry (Bows-Larkin, 2015; Gilbert et al., 2018; 

Walsh et al., 2019; Englert et al., 2021a; Valera-Medina et al., 2021). This outcome 

strengthens the argument that the damage estimates must be reconciled with an 

Arctic shipping and wider climate change context. This may be done by considering 

non-emission damages, such as risk of liquid cargo spills, loss of socio-cultural and 

biodiverse sites. These would need to be studied further before policies can address 

the set of damages that are posed to the Arctic environment from shipping. 

Otherwise, any application of this method will intrinsically be an underestimate.  
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Given that environmental policy has been considered, emission damages included 

and environmental performance assessed. This thesis has addressed the first 

literature gap.  

 

9.3. Research Question 2 

 

With the effect of including externalities formalised, the investigation progressed 

towards assessing the feasibility of Arctic routes particularly the NSR on balance 

with emission damages. The main literature gap that is addressed by this part of the 

study is:  

•  Alternative fuels – Including the effects of alternative fuels, is a crucial 

dimension that brings together the dynamics between vessel environmental 

performance, socio-economic scenario and policy. This is because they will 

be used to address emission regulations. 

This gap was derived from identifying the emerging interest in alternative fuels from 

stakeholders in industry and the key role it plays in both enabling compliance with 

policies and addressing the impact of exhaust emissions (Argyros et al., 2014; 

Azzara and Rutherford, 2015; Schröder, Reimer and Jochmann, 2017; Comer, 2019; 

Lloyd’s Register and UMAS, 2019a, 2020; Smith et al., 2019b; Ding et al., 2020; Xu 

and Yang, 2020; Englert et al., 2021a). Based on the consensus that green fuels are 

physically mandated for the industry to decarbonise, this study assumed that the 

vessel would operate with an alternative fuel to comply with any policy scenario. 

Including a select number of alternative fuels for analysis linked policies, 

microeconomics and global warming scenarios together and through externality 

theory the efficacy of different alternative fuels can be assessed in terms of how they 

address emission damages. The difference between this approach and the methods 

used in previous articles to assess the impact of alternative fuels on the environment 

is the application of this theory to convert estimated emission inventories into a unit 

cost (Azzara and Rutherford, 2015; Schröder, Reimer and Jochmann, 2017; Comer, 

2019; Ding et al., 2020; Xu and Yang, 2020). Therefore, the principal contribution of 
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this study on this area is to expand upon previous methods to facilitate a more direct 

comparison between considered fuels. What makes the comparison between unit 

costs more direct than emission inventories is the fact different emission species 

have different properties and effect the environment in different ways (refer to Table 

2-2, for example). Having emissions converted into costs accounts for these different 

effects. Despite a lack of consensus on the values of marginal costs of emissions, 

converting them into costs evidenced that not all alternatives are equally effective at 

addressing GHG emissions (Ricke et al., 2018; Tol, 2019). Whilst all considered 

alternatives addressed air pollution (LNG and ammonia) only ammonia significantly 

addressed GHG emissions on the basis that it is a zero carbon fuel. This finding is 

corroborated by the conclusions drawn from scientific assessments on alternative 

fuels in the context of Arctic shipping and outside of it (Comer, 2019; Lloyd’s 

Register and UMAS, 2020; Pavlenko et al., 2020; Englert et al., 2021a, 2021c). 

Despite vessels fuelled by ammonia having a significant effect on environmental 

damages, it did not have a tangible impact on Arctic shipping feasibility.  

Through the inclusion of policy scenarios and global warming narratives, it became 

possible to convert the operating fuel of the vessel into a model output. This enabled 

an assessment on some of the uncertainties associated with Arctic shipping, given 

that the various developments mentioned previously appear to coincide over a 

similar time. It is well known that the future extent of Arctic ice is dictated by the level 

of global warming that could occur so Arctic ice projections were based on different 

socio-economic and warming narratives (Melia, 2016; Melia et al., 2017; Melia, 

Haines and Hawkins, 2017; Horowitz et al., 2018; Gidden et al., 2019). Merging 

these dimensions together shed light on the range of different levels of feasibility. 

The result indicate that ice extent was the largest determinant of Arctic shipping 

feasibility since substantial variation in the results for year-round transits was 

observed in both deterministic and stochastic analysis, followed by a reduction in 

2050. Whilst the transition from fossil fuels to ammonia between 2035 and 2050 

appears to have influenced the results, given that the initial GHG strategy has been 

adopted and can only get more stringent due to physical necessity all vessels 

adopted ammonia by 2050 (IMO, 2018a). The critical difference between the 

different vessel types in 2050 is the engine, whether it is an internal combustion 

engine or fuel cell, so the overall effect of alternative fuels is limited.   
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The overall finding that container shipping largely becomes feasible under all 

scenario agrees with the conclusions from Figure 2-1 where 50% of studies found 

that the Arctic becomes economically feasible, this evidences the robustness of the 

outputs presented in Chapter 8. There are several contributions to the route 

selection literature that this thesis makes:  

• Defining feasibility in terms of a dimensionless metric such as in eq. (5-107) 

helped to condense information on shipping performance. This can be used 

and expanded upon in further research to add factors that have not been 

considered here or pursue important areas with greater fidelity.  

• There is limited uncertainty in terms of how Arctic shipping may develop. 

Considering policy and behavioural scenarios, global warming narratives and 

alternative fuels it was found that container shipping becomes universally 

feasible by 2050, dry bulkers do not and Arctic shipping was only feasible for 

tankers when the NSR is combined with the Suez Canal Route. This is 

because the combination of its relatively lower speed and power demands 

makes it unable to benefit from shorter Arctic routes.  

• Applying stochastic techniques to assess Arctic shipping feasibility helps to 

illustrate the level of uncertainty in the results and enable an assessment of 

those causes with greater precision. 

• Through an analysis of deterministic and stochastic results, Arctic ice extent 

and its stochasticity was the most important determinant of both variation in 

Arctic shipping feasibility and its magnitude.  

The trend and development of Arctic shipping feasibility appears to suggest a close 

relationship between Arctic shipping economics and Arctic ice decline. Despite 

summer ice extent being stochastic, it was observed that a certain level of ice retreat 

causes a large change in the economic feasibility of Arctic shipping. The invariance 

of Arctic shipping feasibility with socioeconomic and global warming scenarios is a 

novel observation, but the observation that large loss of summer Arctic ice is not. 

The latter observation is confirmed in Notz and SIMIP Community, (2020) where the 

models for the 6th coupled model intercomparison project predict a large reduction in 

Arctic ice extent under all considered cases, likewise Yumashev et al., (2019) 

predicts damages in the order of trillions of US dollars because of Arctic ice retreat. 
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Consistent loss is also observed in Figure 4-6, and the data used to produce the 

figure comes from a different model to the projections used in Chapter 8 which 

suggests this observation is robust. Given that only 2020, 2035 and 2050 have been 

considered in this model, it cannot be concluded that this relationship exists but may 

be worth investigating in future. In the most extreme case, the TPP becomes 

accessible and feasible for open water container shipping by 2050 which is indicative 

of how much retreat can occur from now. Given that warming does not have a linear 

relationship with GHG emissions, this finding has implications for policymakers and 

suggests that they must urgently adopt measures that limit warming to 1.5oC 

(Shakun et al., 2012; Steffen et al., 2018a). Even under this case the loss of ice is 

still significant enough to facilitate transits through the NSR but as Figure 4-6 shows 

the reduction is limited compared to other cases and this is supported by the findings 

from Yumashev et al., (2019). This study found the differential between the greenest 

and current national pledges on decarbonisation can save over $40 trillion worth of 

damages. These damages entail but are not excluded to loss of biodiversity and 

culturally significant sites (Stevenson et al., 2019). Thus, combining environmental 

analysis with economics needs to be refined and developed further. If not, further 

degradation of the Arctic can still occur and bring considerable damage to wider 

society. 

Considering that insights on different Arctic shipping futures, based on policy and 

socio-economic – warming narratives were made possible by the inclusion of 

alternative fuels, the second literature gap has been addressed.
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9.4. Research Question 3 

 

Once the uncertainties in the results have been established, the focus can shift 

towards what causes them so that future research can be directed towards critical 

parameters. The main gaps in this area were defined as: 

• Method – Evolve the methods from designed experiments and local 

exploration, to explore the global input space. 

• Sensitivity analysis considering more themes – Presently, the sensitivity 

analysis used in the literature is restricted to studying the financial feasibility of 

Arctic shipping. This can be expanded upon if the economic feasibility is 

synthesised with alternative fuels and emission damages. 

Sensitivity analysis in Arctic shipping is a field that has recently emerged to gauge 

the level of uncertainties that are associated with its development (Hansen et al., 

2016; Cariou et al., 2019; Theocharis et al., 2019). It complements the qualitative 

analysis done on policy regimes and structures which helped to identify fuel price 

and ice tariffs as key determinants of shipping feasibility (Gritsenko and Kiiski, 2016; 

Moe, 2020). Moreover not only do uncertainties stem from climate and socio-

economic pathways but also from logistical challenges associated with certain 

shipping sectors (Stopford, 2008; Lasserre, 2014). Given the static cross-sectional 

modelling approach towards Research Questions 1 and 2, a sensitivity analysis was 

necessitated to understand what led to those results and where future research 

could be directed. This is particularly pertinent given its recent emergence as a 

technique in the Arctic shipping literature because not only does it prove its 

applicability in this domain but also shows that there is an interest in identifying key 

parameters. Upon reviewing the sensitivity analysis literature a consensus was found 

that one at a time methods are a versatile but imprecise method (Saltelli et al., 2004, 

2010; Saltelli and Annoni, 2010; Campolongo, Saltelli and Cariboni, 2011; Pianosi, 

Sarrazin and Wagener, 2015; Pianosi et al., 2016; Sarrazin, Pianosi and Wagener, 

2016; Razavi et al., 2021). This insight was combined with the necessity of sensitivity 

analysis and led to the following contributions.   
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• Introducing global sensitivity analysis techniques to Arctic shipping sensitivity 

analysis. This was done by deploying multiple correlation analysis on the 

stochastic outputs and enabled a direct comparison on the influence between 

input parameters.  

• When externalities are included in the analysis the cost of carbon and route 

lengths were universally significant for dry bulkers, tankers and container 

ships. When externalities are excluded, route lengths remained influential, but 

fuel price grew in importance. No evidence was found to suggest that NSR 

tariffs influenced the overall feasibility.  

• The influence that the cost of carbon has on Arctic shipping feasibility 

suggests that it must be included in future research on assessments of Arctic 

shipping viability. 

In terms of methods, variance based analysis is an optimal choice for global 

sensitivity analysis but it was not appropriate for this model architecture due to the 

length of time it would take to build a satisfactory sample size (Saltelli and Annoni, 

2010; Pianosi et al., 2016; Lu et al., 2018). This is due to the length of time required 

to compute sea ice resistance, given the proposed method’s mixed performance in 

estimating ice resistance any advances that entail faster and more accurate 

processing of ice resistance could help facilitate significant advances in this domain 

by enabling more sophisticated modelling techniques to be deployed (Erceg and 

Ehlers, 2017; Petersson, 2020).  

The fact that no evidence was found to suggest that NSR tariffs influenced Arctic 

shipping feasibility is a consequence of the framing around Arctic shipping feasibility. 

Expanding the definition to include emission costs showed that the cost of carbon 

was the most influential parameter for fossil fuelled ships. When zero emission or 

zero carbon fuels were concerned, this parameter lost significance and greater 

significance was placed on Arctic route lengths. This suggests that physical and 

geographic parameters are greater determinants of Arctic shipping feasibility than 

market-based factors. Given the debate on the value of the cost of carbon, future 

research could be directed towards understanding Arctic shipping specific emission 

costs and the role that Arctic governance could play in addressing them. Considering 
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that each parameter was sampled from a uniform probability distribution, further 

research could also be directed towards understanding which distribution would be 

more appropriate for each parameter. Given the influence of the cost of carbon 

value, further work should incorporate this externality into wider assessments of 

Arctic shipping feasibility. 

Through multiple regression analysis, a global sensitivity analysis technique was 

deployed on stochastic outputs considering the different themes included in the 

model. Subsequently the literature gaps have been addressed.  

 

9.5. Integrated Approach 

 

The literature review in Chapter 2 found a gap in terms of linking the different themes 

encountered in the literature together. Through addressing the literature gaps 

discussed previously and consolidating the themes under one architecture the 

interactions between different parameters becomes more visible. Calls for wider co-

ordination and inclusion between different themes together have been made in the 

literature (Schröder, Reimer and Jochmann, 2017; Ng et al., 2018; Theocharis et al., 

2018). By attempting to address those calls, one of the principal contributions of this 

thesis is the development of a method that enables experimentation on a more 

holistic set of parameters, considering developments in the maritime industry outside 

of Arctic shipping. A balanced perspective was adopted in Yumashev et al., (2017) 

and Bekkers et al., (2016) and the rich set of conclusions made in those articles in 

addition to their approach proved to be influential to this research. Both articles 

assess Arctic shipping from a macroeconomic perspective and evaluate the 

contribution made to GDP as well as volume of trade. This study adopts a 

microeconomic perspective and focuses on individual ship performance and if a 

balance between the two perspectives were to be struck a powerful tool that can 

comprehensively assess Arctic trade routes could be produced. It is hoped that 

future methods refine and develop this approach further to identify and include 

factors that are pertinent to the field of Arctic shipping.   
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9.6. Geopolitical Considerations 

 

One dimension that is not considered by the model is the geopolitical factor. This is 

important because as observed in Brutschin and Schubert, (2016), there has been 

substantial investment in the Arctic region followed by its militarisation. It is posited in 

Moe, (2020) that the Arctic tariff structure has shifted from a stance encouraging 

transit shipping, to protectionism and given current and recent tensions it is unlikely 

that this will be reversed (Gritsenko and Kiiski, 2016; Devyatkin, 2018) . These 

observations are backed by Stagonas, Thomas and Ryan, (2018) and in Blunden 

(2012) which also note a build-up of Russian military activity, and suggest that its 

presence is intended to secure the NSR. Given the possible projections of sea ice 

minima shown in Figure 4-6, it suggests that the state views the route as an 

important part of its present and future interests. This is important because in 

practice, a strong Arctic military presence indicates that its usage is unlikely to be a 

free and open enterprise, despite substantial loss of Arctic ice. This is compounded 

by the Russian invasion of Ukraine in February 2022 as the collapse in relations 

between the West and Russia will have an impact on the NSR’s accessibility. 

National security and protectionist measures have been briefly considered under the 

SSP3 narrative, but how this dimension interacts with wider market forces could be 

explored with greater depth. Given the significant military presence in the Arctic, 

unless there is a turn of events it is unlikely that the Arctic routes will be open for all 

actors and accessible to use, despite becoming economically competitive. This is not 

to say that other narratives should be excluded, since it is too early to say how nation 

states will approach climate change over the long term, but that further research is 

needed to better understand how these developments tie in with the wider 

economics.  

Furthermore, the surge in LNG prices indicate that it may be a volatile factor 

(Clarksons, 2020a; Siddiqui, 2022). This thesis attempts to address those 

uncertainties by considering a range of fuel prices in the stochastic assessment of 

Arctic shipping feasibility and sensitivities of the output to different input variables. 

The 2-stroke/LNG engine – fuel mix was only considered in the SSP3 – RCP 7.0 

case because it did not comply with the policy scenarios or other technologies were 
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cheaper to use. In the SSP3 – RCP 7.0 case, Figure 8-27 shows that fuel price was 

an insignificant parameter. Fuel price was found to only be sensitive when 

externalities are not considered, therefore the price surge would not impact the 

feasibility of Arctic shipping, unless emission externalities are excluded from the 

analysis.   

 

9.7. Summary 

 

Research 

question 

Literature gap Academic contribution 

Research 

Question 1 

‘Environmental 

performance – 

Incorporate 

policy and 

emissions to 

understand 

how they will 

affect the 

feasibility of 

Arctic 

shipping.’ 

 

1. Externality theory has been evidenced to 

provide a framework that enables 

environmental and commercial assessments 

of Arctic shipping to be merged. The 

conclusion that externalities increase Arctic 

shipping feasibility appears to be robust. 

2. However, the finding that emission 

externalities shift the feasibility in favour of 

the NSR does not reconcile with climate 

change impact science. Further research 

may be needed to reconcile the two or refine 

the method under an Arctic shipping context.  

 

Research 

Question 2 

Alternative fuels – 

Including the effects 

of alternative fuels, is 

a crucial dimension 

1. Alternative fuels can be directly 

compared with one another in terms of 

its cost and capacity to address GHG 
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that brings together 

the dynamics 

between vessel 

environmental 

performance, socio-

economic scenario 

and policy. This is 

because they will be 

used to address 

emission regulations. 

and air pollution emissions using 

externalities. 

2. By defining feasibility as a log-

normalised value, complex information 

could be condensed into a 

dimensionless metric without diluting 

prior information. This enabled a direct 

comparison between the outcomes of 

different scenarios and fuels.  

3. Despite alternative fuels being 

considered, ammonia was adopted in 

all scenarios because of the IMO’s 

initial GHG strategy. This led to there 

being limited uncertainty over Arctic 

shipping feasibility from alternative 

fuels.  

4. Stochastic analysis enabled a clearer 

analysis on the range of uncertainty in 

each scenario. It illustrated that there 

is significant uncertainty in 2035 

because of the range of operating 

fuels considered and that year-round 

activities are significantly more 

uncertain when the Arctic and Suez 

Canal route is combined.  

5. Stochastic and deterministic results 

showed that the development of Arctic 

shipping feasibility and ice retreat are 

closely linked together.  
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Research 

Question 3 

‘Method – Evolve the 

methods from 

designed 

experiments and local 

exploration, to 

explore the global 

input space.’ 

 

‘Sensitivity analysis 

considering more 

themes – Presently, 

the sensitivity 

analysis used in the 

literature is restricted 

to studying the 

financial feasibility of 

Arctic shipping. This 

can be expanded 

upon if the economic 

feasibility is 

synthesised with 

alternative fuels and 

emission damages.’ 

1. Using a global sensitivity analysis 

technique facilitated an analysis of the 

whole input space. Parameters which 

are derived from different themes 

could be directly compared with each 

other through this technique. 

2. Large significance of cost of carbon 

and route lengths for bulkers, tankers 

and container ships suggest that the 

feasibility of Arctic shipping is 

governed by social and geographic 

rather than market-based forces.  

3. The influence of the cost of carbon on 

Arctic shipping feasibility suggests that 

it must be included in future 

assessments of Arctic shipping 

feasibility. 

Research 

Questions 

1, 2 and 3 

Synthesis of 

paradigms 

1. A novel techno-economic modelling 

architecture is developed to enable a 

more balanced assessment of Arctic 

shipping, considering various strands 

that have emerged in the literature. 

This can be expanded upon or refined 

in future research. 
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10. Conclusion  

 

10.1.  Synthesis 

 

The study of Arctic shipping is an emerging field that has arisen due to the need for 

assessing the opportunities and challenges that come with global warming induced 

ice retreat. Initial Arctic shipping assessments focused on the financial feasibility of 

potential new routes and more recently, studies of the environmental consequences 

from Arctic shipping have emerged. The main contribution of this thesis is to expand 

the definition of Arctic shipping feasibility to include emission damages from ships 

and assess its feasibility on balance with externalities. This is not the only 

environmental impact, as there are many other damages and risks stemming from 

loss of biodiverse sites, other types of pollution hazardous cargo/fuel spilling into the 

environment. All of which could potentially have severe consequences.  

Incorporating emission damages better reflects the true cost of shipping activities, 

since emitting GHGs and air pollutants incurs an involuntary public cost. Through 

including externalities, an analysis which considers additional parameters leads to a 

more complete assessment of Arctic shipping feasibility. The key effect of including 

emission damages was to increase the economic feasibility of Arctic shipping, due to 

the reduced energy consumption that follows from using shorter routes. This means 

relatively lower CO2eq emissions. This combined with reduced air pollutant unit 

damage costs (due to a lower population density) meant that less damages were 

incurred when using the Arctic routes compared to the Suez. This outcome is a 

consequence of treating the greenhouse effect as being independent of geographic 

source of emission, an assumption derived from GHGs being well-mixed gases. 

Despite assigning high Arctic specific GWP values to black carbon the CO2eq 

reductions from shorter routes have not been offset, therefore the focus on shipping 

black carbon emissions must not be a substitute for addressing the principal GHGs.  
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Five policy scenarios were derived from the SSP literature and under all scenarios 

the NSR becomes economically feasible for container ships. Fossil centric and 

fragmented pathways lead to the worst outcome in terms of damages because policy 

options which can address them are limited by their respective narratives, the 

assumptions in these narratives mean economic development is prioritised over 

sustainability and international inertia prevent policymaking from gaining any 

substantial momentum. This leaves externalities from shipping emissions 

unaddressed and unregulated under these scenarios, so fossil fuels continue to be 

used in 2035 which misaligns with Paris Agreement targets.  

Global sensitivity analysis was used to understand how uncertainty is propagated 

through the model and identify which factors are important in influencing Arctic 

shipping feasibility. Multiple regression and correlation coefficients were selected 

over other methods such as Sobol’s as it requires a low computational expense. It 

fits with the model structure and addresses the research questions. Several 

experiments were designed which accounted for physical and economic constraints, 

using tools from the global sensitivity analysis literature. The type of important 

parameter is influenced by the operating fuel, for fossil fuels Arctic shipping feasibility 

is dictated by social and physical geographic parameters – externalities and route 

length. With zero – carbon fuels the externalities lose their influence, regardless of 

the Arctic shipping context, this suggests externalities are significant and justifies the 

need for policies to incentivise a fuel transition. However, a zero carbon fuel such as 

ammonia may pose significant hazards to the environment and its effect on Arctic 

shipping viability requires further research. Route length is influential for fossil and 

zero – carbon fuels, but in practice is fixed by geography which suggests that the 

development of Arctic shipping feasibility may be an inevitable development of 

climate change, and further research is needed to understand how this activity could 

accelerate the degradation of the Arctic ecosystem.   
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10.2.  Research Question 1  

 

For north-western Europe to east Asia voyages, container ships are the most energy 

intensive ship type considered and were selected for testing in Hypothesis 1. The 

economic feasibility substantially increases when emission externalities are included. 

The effects depend on the carbon content of the fuel, its production processes and 

engine utilised by the vessel, therefore Hypothesis 1 can be accepted. 

Key Findings 

• Including emission externalities increases the feasibility of Arctic shipping, 

because Arctic routes are shorter relative to the Suez and have a lower 

population density which means air pollution damages are lower and that unit 

energy consumption is less.  

• Only ammonia was seen to sufficiently address both climate and air pollution 

related damages. Externalities did not alter the feasibility of these vessels 

because they produce no operational GHG emissions and for fuel cell ships 

powered by green ammonia, no emissions altogether. 

• The conclusion that externalities favour Arctic shipping was shown to be 

robust, however this does not align with the consensus in the climate change 

impact literature. Further study is needed to ascertain why this is the case and 

potentially reconcile the two.  
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10.3.  Research Question 2  

.  

Five scenarios were deduced from narratives that range from economic development 

fuelled by fossil fuels, international fragmentation, intermediary outcomes and 

sustainability. It was hypothesised that different socio-economic and warming 

trajectories would alter the viability of Arctic shipping and this hypothesis can be 

rejected as results across all scenarios are invariant. Despite varying policy 

measures, no significant change in the feasibility of the Arctic routes occurred. 

Nonetheless, the policies did influence the operating fuel but this did not substantially 

change the economics of shipping through the Arctic. The feasibility of year-round 

transits displayed greater variation in its results than combined NSR – Suez Canal 

Route usage did, because combining the routes ensures the operator is less affected 

by inter-annual sea ice extent. Regarding open water ships, they are only permitted 

under the BAU case due to the scenario narratives and combined NSR – Suez 

Canal Route transits do become feasible. Therefore, Hypothesis 2 can be rejected.  

Key Findings 

• The NSR becomes feasible under all scenarios for container ships, and 

infeasible for bulkers. The NSR may become feasible for tankers when the 

NSR is combined with the Suez Canal Route. However, this outcome may be 

caveated by the potential hazards that a zero carbon fuel such as ammonia 

may pose to the Arctic environment and requires further research. 

• The input scenarios do not alter the overall outcome, because significant ice 

retreat is projected under all scenarios and ammonia is assumed to be 

adopted in all cases by 2050.  

• There appears to be a close relationship between the development of Arctic 

shipping feasibility and Arctic ice retreat. Further conclusions could not be 

drawn because only 3 years are considered. More research could be directed 

at this area. 
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10.4.  Research Question 3  

 

Various parameters were explored and varied simultaneously to ascertain the level 

of influence they have on the economic feasibility of Arctic shipping. It was 

hypothesised that there would be influential parameters, and this hypothesis can be 

accepted. Engine load, Arctic and Suez route lengths were found to be the most 

consistently influential variables, due to their effects on fuel consumption and 

transport work. No evidence was found to suggest that transit fees are influential, 

and this may assist with directing future research. Externalities such as the cost of 

carbon and air pollutant damages held significance for fossil fuels but had little 

impact with zero – carbon fuels, agreeing with the consensus on the green energy 

transition. This result does not mean zero emission Arctic shipping should be 

encouraged however, since there are significant hazards posed to the environment 

from and warrant further study. This proves Hypothesis 3 can be accepted.  

Key Findings 

• Engine load, route length and the cost of carbon were influential 

demonstrating that they are important parameters.  

• The cost of carbon remains influential with LNG fuelled vessels and only with 

a zero carbon fuel was the cost of carbon shown to lose its importance.  

• Consistent strong influence of externalities and route length alludes to Arctic 

shipping being influenced by geographic rather than market-based forces. 

When not considering emission externalities, fuel price grows in importance.  

• The large influence that the cost of carbon has on Arctic shipping feasibility 

suggests that it must be included in future research on Arctic shipping 

viability.  
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10.5.  Limitations of Research 

 

As with all research, potential areas of limitations have been identified, which may 

lead to new areas of further work. These limitations do not detract from the thesis 

outcomes and their implications are discussed in the following sections.  

 

10.5.1. Externalities 

 

The externalities considered in this thesis are limited to the externalities that relate to 

air emissions (GHGs and air pollutants from combustion). There are other species 

that have been omitted such as ammonia and hydrogen which have environmental 

costs that have not been explored here. This is relevant given the shipping industry’s 

mandated transition away from fossil fuels to zero carbon fuels. There are also 

secondary effects from species such as NOx which are only lightly touched upon. 

These include the formation of ozone which is known to have a greenhouse effect. 

The reason these externalities were not considered depended on the species, for 

example hydrogen externalities were not considered because hydrogen as an 

operating fuel was not studied and ammonia externalities were not considered 

because ammonia engines are not yet a mature technology. Therefore, whilst 

ammonia emissions are a possibility, an assumption of zero ammonia slip was 

applied due to a lack of evidence that ammonia emissions will be material from 

marine engines. The uncertainties and sensitivities of Arctic shipping feasibility to the 

externality cost of the emission species that are considered in this thesis were 

explored in the second and third research questions. In terms of the thesis 

outcomes, given these reasons and that the first and second research questions only 

consider air emissions, there are minimal implications. The scope of the third 

research question is broader than air emissions, therefore this limitation deserves 

future investigation and this is discussed in the further work section.   
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10.5.2. Fleet Composition 
 

The same fleet composition is assumed across the years 2020, 2035 and 2050 but 

in practice this may change given the green energy transition. Understanding how 

this affects Arctic shipping feasibility would require a macroeconomic assessment of 

the industry. This mean that different sizes, route lengths or modifications to vessels 

would be required. It would also facilitate an understanding of what types of cargo 

could be transported over the Arctic. This thesis defined Arctic shipping feasibility in 

terms of whether the cost per deadweight tonne for Arctic routes are lower than for 

the Suez Canal Route. Furthermore, uncertainties with route lengths were explored 

in the stochastic assessment and sensitivity study for the third research question. 

The uncertainty bounds in the box plots for Chapter 8 are inclusive of different route 

lengths and the sensitivity analysis concludes that it is an influential variable 

deserving further study. If the proposed framework could be expanded to include 

revenue and variations of ship size based on market conditions, then the conclusions 

on Arctic shipping feasibility could be expanded upon or challenged by novel 

outcomes. This is discussed in the further work section. Nonetheless, given that this 

thesis only considers feasibility through a microeconomic perspective and explores 

how different route lengths may affect Arctic shipping feasibility in the second and 

third research questions, the outcomes of all the research questions in this thesis are 

justified.    
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10.5.3. LNG Price Volatility  

 

Since 2021 there has been a large increase in LNG prices which indicate that it is 

volatile. This was accounted for by varying it in the stochastic assessment and 

sensitivity studies for the second and third research questions. The results from the 

sensitivity study show that fuel price is not an influential parameter when 

environmental externalities are considered. Some influence is exhibited when Arctic 

shipping feasibility does not consider emission damage costs, however LNG was 

only adopted in 2035 for one scenario out of five. Therefore, based on this evidence 

the recent LNG price fluctuations do not significantly limit the outcomes to any of the 

research questions.   

 

10.5.4. Refrigerated Cargo and Ambient Air 

Temperature 

 

Some containerised cargo requires energy inputs from the ship, such as refrigerated 

cargo. The energy required to support these types of cargo comes from the auxiliary 

engine. Auxiliary energy demand was considered in this thesis, but variations in load 

were not. This is because the fuel consumption associated with auxiliary and boiler 

systems is significantly lower than that of the main engine propulsion energy 

requirements, so it is a reasonable simplification to help manage the proposed 

model’s complexity. However, it is unlikely that the same engine load would be 

demanded for vessels that transit through an Arctic route or Suez Canal Route 

because the ambient temperature is different. This could not be considered because 

projecting future air temperature requires long term observations. Therefore, how 

significant the interaction between Arctic ambient temperature and refrigerated cargo 

energy demand is not known. Until the relationship between Arctic air temperature 

and auxiliary and boiler engine loads can be discerned and evidenced to be material, 

there is no evidence to suggest that this limitation affects the thesis outcomes. 



 

 
390 

Nonetheless, this may be an area worth pursuing and is discussed in the further 

work section.  

Furthermore, low ambient air temperature may affect the main engine specific fuel 

consumption. This was explored using a sensitivity study in Chapter 6 which showed 

that there was no significant change in the feasibility of Arctic shipping. The influence 

of low ambient air temperature on alternative fuel consumption is not known. Based 

on the evidence from Chapter 6 and the lack of substantiation to suggest that there 

is a significant relationship between ambient air temperature and main engine fuel 

consumption, there is no evidence to suggest that the outcomes of any of the 

research questions are limited. Understanding whether there are significant effects 

from Arctic conditions on the consumption of alternative fuels may be worth 

investigating in the future and is discussed in the further work section.  

 

10.5.5. Environmental Spills 

 

Studies concerning the effects of environmental spills have recently begun to 

emerge in the literature. The outcomes of these studies suggest that managing the 

fallout of a spill is an expensive and time-consuming process. This suggests oil and 

dangerous cargo spills may have to be considered in future studies of Arctic 

shipping. This is poignant given the maritime transition away from fossil fuels. 

Potentially using zero carbon fuels such as liquefied ammonia may pose a significant 

hazard to the environment and incorporating the potential spill effects would have 

significant consequences for Arctic shipping feasibility. Given that this a new area, 

the risks and damages that an ammonia spill may pose to the environment would 

need to be evidenced and joined together with an assessment of Arctic shipping 

feasibility before further conclusions can be drawn, as has been reflected in the 

conclusions. With respect to the thesis outcomes, the first and second research 

questions exclusively consider air emissions, therefore the outcomes to these 

questions are not affected. The issues raised by the third research question have a 

broader scope and could benefit from future work on this aspect.  
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10.5.6. Power and Speed Exponent Value 

 

Recent evidence has emerged which challenges the blanket use of the cube law for 

vessel speed and power. This is a novel area that has emerged from application of 

machine learning techniques and a wide range of exponent values have been 

reported. Based on these uncertainties, this thesis assumed a cubic exponent 

between power and speed based on its reliability and application across the 

literature, including the IMO’s GHG studies. However, in Chapter 6, two extreme 

exponent values were tested on bulk carriers to observe its influence on the overall 

model output. It was found that the new feasibility metrics fell within the 95% 

confidence interval calculated from the variation in feasibility metrics across the 

wider socio-economic and global warming scenarios. Based on the evidence from 

Chapter 6 and the lack of studies on Arctic specific exponent values, the evidence 

suggests that key uncertainties in Arctic shipping presently stem from different 

possible global warming induced Arctic ice extent. Furthermore, given that Arctic 

shipping feasibility is defined to be the unit transport cost of operating through an 

Arctic route relative to the Suez Canal Route, a different exponent value would not 

alter the interaction between different parameters but cause a shift in the magnitude 

of the model’s outputs. This shift is not significant enough to limit the conclusions to 

the first and second research question because the evidence from Chapter 6 

suggests that the key sources of uncertainty are accounted for. For the same 

reason, it is assumed that it would affect the outcome to the third research question, 

but this limitation may need further development given the question’s broader scope. 

This is discussed in the further work section.   
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10.5.7. Ice Class 

 

Only one ice class is considered. The evidence presented in this thesis suggests that 

the Arc 4 ice class assumed is not sufficient for vessels to operate through the Arctic 

year-round. However, it appears to be sufficient for combining operations on the 

NSR with the Suez Canal Route. Considering different ice classes would facilitate an 

analysis of how Arctic shipping feasibility changes depending on the level of ice 

class, but given the required changes in a vessel’s hull structure and engine 

modifications, a large expansion of the framework outlined in this thesis would be 

required to account for it and thus could be an aspect of future work.  

 

10.5.8. Alternative Fuel and Engine Retrofits 

 

Alternative fuel adoption is assumed to entail a retrofit to the engine and associated 

storage, this is based on the need for ships to be flexible with what fuel is consumed 

and be resilient against disruptions to fuel supply chains. This assumption is 

supported by the evidence discussed in Chapter 5. Given this assumption is 

supported by evidence from the literature and that only one ice class is considered in 

this thesis, this assumption does not affect the outcomes to any of the research 

questions.  
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10.6.  Implications of Research  

 

The principal contribution of this research comes from the application of a novel 

method for assessing Arctic shipping commercial feasibility. A techno-economic 

method was developed by synthesising principles from climate change and 

engineering sciences together under a micro-economic framework and this approach 

yielded novel insights.  

The linkages between environmental cost and economic activity can be refined 

further, to include more relevant externalities and environmental risks. This research 

has implications for policymakers as the model can produce insights on the 

environmental performance of alternative fuels in terms of how well they address 

environmental costs. The conclusion that emission externalities favour Arctic 

shipping means that this activity could be incentivised by decarbonisation measures. 

The reductions in variable costs for expensive technologies such as Fuel Cell/NH3 

vessels suggest that Arctic shipping could become attractive for early adopters of 

zero emission technologies. Since not all environmental impacts are considered here 

and given the impact of Arctic ice retreat on the climate this is not necessarily a 

sustainable activity. More research is needed to establish a consensus on what the 

magnitude and scope of environmental damages from Arctic shipping is before a 

conclusion can be drawn on its feasibility. However, on balance with the wider 

climate science literature, it appears that this activity is not sustainable. Furthermore, 

the sensitivity analysis results show that black carbon forcing effect is not a 

significant determinant of Arctic shipping feasibility. The cost of carbon exhibits 

greater influence which suggests that policies which target black carbon emissions 

must not substitute for policy that addresses GHG emissions, but rather complement 

it.     
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10.7.  Further Work 

 

10.7.1. Externalities 

 

Not all emission species have been considered in this investigation which means 

that the environmental costs are an underestimate. This is the case with NOx for 

example, where not all the secondary effects are considered. Further work could be 

dedicated towards understanding how the production of ozone in the Arctic may 

affect the damage cost per tonne. This may increase its value relative to the Suez 

Canal Route and potentially reduce the shift in feasibility towards Arctic shipping 

illustrated in the answer to the first research question. Furthermore, understanding 

how population densities in the Arctic region may change could provide useful 

insights on the growth of air pollution externalities for Arctic shipping.  

Ammonia negatively impacts human health and should be given due consideration in 

future research. This is particularly poignant, as these may affect Arctic shipping 

feasibility. The other externalities that come from other sources such as cargo spills, 

noise and socio-cultural damage could also be explored with greater fidelity. 

Furthermore, the magnitude of Arctic damage based on including surface albedo and 

permafrost feedback could be used to provide costs that would help assess Arctic 

shipping from a micro-perspective. Considering these aspects would improve the 

accuracy of environmental performance modelling and cost assessments of Arctic 

shipping.  

The sensitivity analysis shows that the cost of carbon and engine loads are highly 

influential variables which reduce the influence that other parameters like fuel price 

have on Arctic shipping feasibility. This outcome suggests that environmental costs 

should be included in further studies on Arctic shipping feasibility. Different types of 

externalities could be included in addition to emission damages, such as the hazards 

posed by oil spills, secondary environmental costs and costs from feedback cycles. 

This may reduce the effect that including externalities has on Arctic shipping 

feasibility and reconcile with the wider Arctic climate science literature.   
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10.7.2. Macroeconomic Perspective 

 

The study here focused on microeconomic costs, therefore the perspective offered is 

incomplete. Future research could be directed towards optimisation of trade between 

Europe and Asia, followed by how this interacts with demand for shipping and route 

selection between Europe and Asia. It was assumed that the fleet composition 

remains the same for the years 2020, 2035 and 2050. Given the changes that are 

required to decarbonise the industry, it is unlikely that this assumption will hold with 

time. Considering how structural changes to shipping markets that come from 

decarbonisation may have important implications for macroeconomic assessment of 

Arctic shipping.  

The balancing of the model’s bottom-up architecture with a top-down one will 

produce a powerful tool which enables an analysis of macroeconomic variables that 

are not included here. A more comprehensive analysis is enabled through 

equilibrating macroeconomics and microeconomics. This could yield sharper 

conclusions into the efficacy of policies under different scenarios, in addition to 

insights on trade and volume of Arctic shipping activity. This will help to build 

confidence on the significance of Arctic shipping and its magnitude.   
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10.7.3. Intangible Factors 

 

There are other variables that are not considered in this thesis which may affect 

route selection, such as information asymmetry, public image and safety. The Arctic 

receives media attention as does news of climate change related disasters or 

events, therefore it can be hypothesised that there are adverse public relations risks 

a firm would face from using Arctic routes. Whether this factors into firm level 

decision making is worthy of further investigation, as well as the level of gravity 

attached to concerns regarding route safety, accessibility and infrastructure. It would 

also be interesting to note how this would tie into the culture of the business and 

observe if there are significant differences between different businesses.  

 

10.7.4. Marine Engineering  

 

Capturing how auxiliary engine loads relate to the cooling loads demanded by 

refrigerated containers may be a useful area to pursue further. This is because better 

understanding how its energy demands react to ambient Arctic air temperatures may 

lead to new insights on what types of cargo could be transported over the Arctic. 

How Arctic ambient temperature affects fuel consumption is another area warranting 

further study, given the mandated transition to alternative fuels. The temperature 

may affect refrigeration of alternative fuels and understanding these interactions may 

open new avenues on Arctic shipping feasibility.  

Sea ice resistance calculations severely limited the number of global sensitivity 

analysis methods which can be used, due to their high computational expense. Their 

accuracy is questionable, and more research could be directed towards building 

greater confidence in estimating sea ice resistance and reducing their complexity. 

Addressing these areas paves the way for new avenues of research, as it enables 

more sophisticated modelling techniques to be deployed. It also helps to reduce 

current levels of uncertainty when estimating operating performance.  
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The engine load was found to be one of the most influential variables in determining 

Arctic shipping feasibility. Exploring the relationship between slow steaming, engine 

power output and specific fuel consumption is therefore an area which deserves 

further study. This is relevant for alternative fuels, where the engine load may vary 

relative to what it is now based on market conditions and new technologies such as 

fuel cells. Using machine learning techniques may aid in finding an optimal exponent 

value that could improve the accuracy of speed power relationships. This may take 

time however as there is no evidence of large-scale Arctic shipping activity currently 

taking place, which means that data on open water performance would likely have to 

be used and extrapolated towards the Arctic.   
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Appendix  

 

Literature Table for Chapter 2 

 

Table A-1. Reviewed articles which led to the construction of Figure 2-1. The type of study, title, publication date, method and 

conclusions on Arctic shipping feasibility are listed.  

No. Type of study Title Year Perspective Specified method Feasible? 

1 Journal 

article  

Polar super seaways? Maritime transport in the 

Arctic: An analysis of shipowners' intentions 

2011 Bottom-up Surveys No 

2 Journal 

article  

Case studies of shipping along Arctic routes. Analysis 

and profitability perspectives for the container sector 

2014 Top-down Literature review Mixed 

3 Journal 

article  

The Northern Sea Route competitiveness for oil 

tankers 

2016 Bottom-up Economic 

analysis 

Yes 
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4 Journal 

article  

The melting Arctic and its impact on China’s maritime 

transport 

2012 Top-down Literature review Yes 

5 Journal 

article  

Arctic Shipping – Commercial Opportunities and 

Challenges 

2016 Bottom-up Economic 

analysis 

Mixed 

6 Journal 

article  

Cost Analysis of the Northern Sea Route (NSR) and 

the Conventional Route Shipping 

2013 Bottom-up Economic 

analysis 

Yes 

7 Journal 

article  

Proposing a common platform of shipping cost 

analysis of the Northern Sea Route and the Suez 

Canal Route 

2015 Bottom-up Economic 

analysis 

Yes 

8 Thesis An economic transport system of the next generation 

integrating the northern and southern passages 

2012 Bottom-up Economic 

analysis 

Mixed 

9 Journal 

article  

Towards a balanced view of Arctic shipping: 

estimating economic impacts of emissions from 

increased traffic on the Northern Sea Route 

2017 Top-down Economic 

analysis 

Yes 
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10 Report The future of Arctic shipping 2012 Top-down Literature review No 

11 Journal 

article  

Melting ice caps and the economic impact of Opening 

the Northern Sea Route 

2016 Top-down Economic 

analysis 

Yes 

12 Journal 

article  

Study on China-EU container shipping network in the 

context of Northern Sea Route 

2016 Bottom-up Economic 

analysis 

Mixed 

13 Journal 

article  

Melting ice, growing trade? 2018 Top-down Economic 

analysis 

No 

14 Journal 

article  

Feasibility of the Northern Sea Route for oil shipping 

from the economic and environmental perspective 

and its influence on China's oil imports 

2020 Bottom-up Economic 

analysis 

Yes 

15 Journal 

article  

The feasibility of Arctic container shipping: the 

economic and environmental impacts of ice thickness 

2019 Bottom-up Economic 

analysis 

No 

16 Journal 

article  

LNG-fuelled container ship sailing on the Arctic Sea: 

Economic and emission assessment 

2020 Bottom-up Economic 

analysis 

Yes 
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17 Journal 

article  

Feasibility of the Northern Sea Route: The role of 

distance, fuel prices, ice breaking fees and ship size 

for the product tanker market 

2019 Bottom-up Economic 

analysis 

Mixed 

18 Journal 

article  

An exploratory study on the Northern Sea Route as 

an alternative shipping passage 

2018 Bottom-up Inductive Yes 

19 Journal 

article  

How will the opening of the Northern Sea Route 

influence the Suez Canal Route? An empirical 

analysis with discrete choice models 

2018 Bottom-up Discrete choice Mixed 

20 Journal 

article  

Interest of Asian shipping companies in navigating 

the Arctic 

2016 Bottom-up Surveys No 
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 Ice Class Equivalencies 

 

Table A-3. Approximate correspondence between the different ice class systems and their levels. Source: (HELCOM, 2015) 
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 ln 𝑔𝑡𝑖𝑐𝑒  =  𝛼1 + 𝛽1 ln 𝑑𝑤𝑡𝑊𝑆𝑀 + 𝛽2𝐼𝑐𝑒𝐶𝑎𝑡 

 

Table A-4. Dry bulker coefficients. 

Coefficient Value p-value* 

𝛽1 0.9635 0 

𝛽2 0.0995 0 

𝛼1 - 0.1643 0.0152 

𝑅2 0.9710  

p-value = 0 

 

 

Table A-5. Container coefficients. 

Coefficient Value p-value* 

𝛽1 1.0537 0 

𝛽2 0.0407 0 

𝛼1 -0.7255 0 

𝑅2 0.9850  

p-value = 0 
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Table A-6. Wet bulker coefficients. 

Coefficient Value p-value* 

𝛽1 0.9835 0 

𝛽2 0.1075 0 

𝛼1 -0.3746 0 

𝑅2 0.9820  

p-value = 0 

 

 

 

ln 𝑑𝑤𝑡 = 𝛼2  +  𝛽3 ln 𝑔𝑡  + 𝛽4𝐼𝑐𝑒𝐶𝑎𝑡  

 

Table A-7. Dry bulker coefficients. 

Coefficient Value p-value* 

𝛽3 1.0076 0 

𝛽4 -0.1046 0.0125 

𝛼2 0.4732 0 

𝑅2 0.9710  

p-value = 0 
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Table A-8. Container coefficients. 

Coefficient Value p-value* 

𝛽3 0.9344 0 

𝛽4 -0.0523 0 

𝛼2 0.8369 0 

𝑅2 0.9850  

p-value = 0 

 

 

Table A-9. Tanker coefficients. 

Coefficient Value p-value* 

𝛽3 0.9983 0 

𝛽4 -0.0974 0 

𝛼2 0.5451 0 

𝑅2 0.9820  

p-value = 0 
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ln 𝑃𝑀𝐸 = 𝛼3  +  𝛽5 ln 𝑑𝑤𝑡 + 𝛽6𝐼𝑐𝑒𝐶𝑎𝑡 

 

Table A-10. Dry bulker coefficients. 

Coefficient Value p-value* 

𝛽5 0.5182 0 

𝛽6 0.2193 0 

𝛼3 3.4428 0 

𝑅2 0.8960  

p-value = 0 

 

 

Table A-11. Container coefficients. 

Coefficient Value p-value* 

𝛽5 0.8344 0 

𝛽6 0.0642 0.0015 

𝛼3 1.1943 0 

𝑅2 0.8510  

p-value = 0 
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Table A-12. Tanker coefficients. 

Coefficient Value p-value* 

𝛽5 0.5456 0 

𝛽6 0.1783 0 

𝛼3 3.2379 0 

𝑅2 0.9170  

p-value = 0 

 

 

 

ln 𝑃𝐴𝑢𝑥  =  𝛼4 + 𝛽7 ln 𝑑𝑤𝑡 + 𝛽8𝐼𝑐𝑒𝐶𝑎𝑡 

 

Table A-13. Dry bulker coefficients. 

Coefficient Value p-value* 

𝛽7 0.4149 0 

𝛽8 0.1922 0 

𝛼4 2.9818 0 

𝑅2 0.8200  

p-value = 0 

 



 

 

464 

Table A-14. Container ship coefficients. 

Coefficient Value p-value* 

𝛽7 0.8156 0 

𝛽8 -0.0258 0.0549 

𝛼4 -0.1194 0.0150 

𝑅2 0.9580  

p-value = 0 

 

 

Table A-15. Tanker coefficients. 

Coefficient Value p-value* 

𝛽7 0.4148 0 

𝛽8 0.2456 0 

𝛼4 3.3091 0 

𝑅2 0.8900  

p-value = 0 
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Run Length Equation (Holtrop and Mennen, 1982) 

 

 
𝐿𝑟 = 𝐿𝑤𝑙 × (1 − 𝐶𝑃 +

0.06𝐶𝑝𝐿𝐶𝐵

4𝐶𝑃 − 1
) 

(A1) 

 

Eq. (A-1) is used to estimate the run length of the ship using parameters that have 

been defined by Whole Ship Model.  

 

Lindqvist’s Dimensions. 

 

 

Figure A-1. Hull form dimensions. Source: (Lindqvist, 1989). 
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LNG Carrier Operating Expense 

 

Table A-24. Operating expenses for a reference LNG carrier. 

Cost type Cost ($m) 

Crew 2.00 

Insurance 0.73 

Maintenance 2.32 
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Atomflot Contract 

 

 

Figure A-2. Screenshot of an Atomflot proforma icebreaker contract. 
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Figure A-3. Same contract translated into English. 
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Translated Statute 

 

 

Figure A-4. Screenshot of a translated statute regarding navigation of the NSR 

(NSRA, 2020). 
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Baseline Arctic Ice Projection 

 

 

Figure A-5. The 2020 projection of September ice extent under a BAU case. Source: 

(Krasting et al., 2018a). 
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Graphical Arctic Ice Projections 

 

SSP1 – RCP 

1.9 

 

SSP1 – RCP 

2.6 

SSP2 – RCP 

4.5 

SSP3 – RCP 

7.0 

SSP5 – RCP 

8.5 

Figure A-6. Tiled plot of the different possible projections for sea ice. Source: 

(Krasting et al., 2018a). 
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Open Water Tanker Feasibility 

 

 

Figure A-7. Open water tanker feasibility metric. The figure shows that the NSR is 

feasible if it is combined with the Suez Canal Route.  
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Figure A-8. Open water tanker cost differentials. All cost differentials favour the NSR 

when it is combined with the Suez Canal Route.  
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Bulker and Tanker Externality Differential 

 

 

Figure A-9. The differential between total and financial cost feasibility metrics, for 

bulk carriers. It is not feasible for bulkers to transit through the NSR in 2020 so only 

results for 2035 and 2050 are shown. Given that emissions have been completely 

addressed in the SSP1 – RCP 1.9 case, no feasibility metric differential is shown.  
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Figure A-10. Differential between total and financial cost feasibility metrics, for 

tankers. Like bulk carriers and container ships, the inclusion of externalities shifts the 

feasibility of Arctic shipping in favour of the NSR.  
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Preliminary Global Sensitivity Analysis Results 

 

 

Figure A-11. Preliminary results for the global sensitivity analysis on 18 parameters 

for container ships in year-round activities under the BAU case. 
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Figure A-12. Preliminary results for the global sensitivity analysis for combined 

activities under the BAU case. 

 

Figure A-13. Preliminary global sensitivity analysis results for year-round dry bulker 

activities under the BAU case. 
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Figure A-14. Preliminary global sensitivity analysis results for combined activities 

with the dry bulker under the BAU case.  
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Normalised Feasibility Metric and Log Normalised Feasibility Metric.  

 

Figure A-15. Comparison of data that is not log normalised and log normalised for 

tankers. The red boxes are the results where the feasibility metric is not log 

normalised and the blue boxes are the log normalised feasibility metrics. A clear 

reduction in the skew and variance can be observed. 
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Figure A-16. Feasibility metric comparison for container ships. The red boxes are the 

results where the feasibility metric is not log normalised and the blue boxes are the 

log normalised feasibility metrics. A larger reduction in the skew and variance can be 

observed. 
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Figure A-17. The feasibility metric comparison for bulkers. The red boxes are the 

results where the feasibility metric is not log normalised and the blue boxes are the 

log normalised feasibility metrics. A reduction in the skew and variance can be 

observed. 


