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Abstract

:

For many years, the Suez Canal (also known as the Suez Route) has been the main route connecting Europe and Asia. However, compared with the Suez Route, the Northeast Passage could save up to 41% of the journey. The ship carbon intensity index (CII) rating system of the International Maritime Organization (IMO) came into effect in 2023. This study took an existing bulk carrier on the Europe–Asia route as an example to calculate the attained CII values at different sailing speeds. It was found that, regardless of external factors, when the ship speed dropped from 14.4 knots (85% maximum continuous rating (MCR)) to 12.6 knots (55% MCR), the corresponding attained CII value decreased from 6.48 g/ton·nm to 5.19 g/ton·nm. Therefore, sailing speed was the key factor influencing the attained CII value, and it was independent of the shipping distance. In addition, when the ship’s sailing output power was between 85% MCR and 75% MCR, for every 5% decrease in MCR, its attained CII value would decrease by 0.13 g/ton·nm, and the fuel consumption amount would decrease by 1 ton/day. However, when the ship sailed at an output power of 75% MCR to 55% MCR, for every 5% decrease in MCR, the attained CII value would decrease even more, up to 0.26 g/ton·nm. In addition, the attained CII value would be reduced by up to 100% and fuel consumption amount would be reduced by up to 1.5 ton/day, resulting in a 50% fuel saving effect. Therefore, to obtain a better CII rating, the optimal ship speed should be set between 75% MCR and 55% MCR according to the wave and wind strengths. However, although slow-speed sailing is the most efficient factor, the number of sailing days would also be extended. Through the ratio created by dividing the distance of the Northeast Passage by the Suez Route, whether the Northeast Passage has the benefit of balancing shipping schedules could be judged. The outcome indicated that a ratio lower than 1 would result in a more balanced shipping schedule. Compared with 2019, the number of ships sailing through the Northeast Passage in 2021 increased significantly by 132%, and the average dead weight tonnage of the ships also rose from 18,846 tons to 23,736 tons. This study found that, with the implementation of the carbon reduction policy of the CII rating, ships sailing through the Northeast Passage could continue to develop toward the trend of large-sized vessels and steady increase in ship number.
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1. Introduction


Carbon dioxide (CO2), methane (CH4), nitrous oxide (N2O), sulfur hexafluoride (SF6), and chlorofluorocarbons (CFCs) are the main compounds of greenhouse gases (GHGs1‘) [1,2]. It is generally accepted that CO2 can affect the climate for at least a hundred years. Some even considers that the burning of fossil fuels is the main source of CO2 emissions in the atmosphere [1], and that its effects on the climate can last for hundreds or thousands of years [3,4]. Therefore, reducing CO2 emissions is currently the most direct and feasible way to mitigate future climate change [5]. About 20% of total CO2 emissions come from transport [2]. According to the estimate of the International Maritime Organization (IMO), the GHG produced by shipping accounts for about 2.5% of the total global GHG, of which CO2 is the main component. CO2 emissions account for about 96% [6,7] of the total GHG emissions from shipping and are equivalent to 3% of total CO2 emissions worldwide [8]. The CO2 produced by international merchant ships accounts for about 85% of the total CO2 emissions from shipping [9]. Therefore, how to effectively reduce the carbon emissions of ships has become an important task for the International Maritime Organization (IMO). In 2018, the Marine Environment Protection Committee (MEPC) of the IMO adopted the Initial IMO Strategy on the Reduction of GHG Emissions from Ships, thereby formally committing the shipping industry to the global climate plan and pushing to reduce greenhouse gas emissions from international shipping as soon as possible. Its specific objectives [10] include the following:




	
reducing the carbon intensity of shipping by at least 40% from 2008 levels by 2030;



	
cutting greenhouse gas emissions to 50% of 2008 levels and cutting the carbon intensity by at least 70% of 2008 levels by 2050.








This initial strategy established the vision for the reduction in greenhouse gas emissions from ships and has become the guiding principle and framework for such reductions [11]. In order to effectively achieve the emission reduction target, the IMO has actively researched feasible near-term (2018–2023), medium-term (2023–2030) and long-term (after 2030) carbon reduction plans. The carbon intensity indicator (CII) of the rating system for the energy efficiency existing ship index (EEXI), which was adopted in 2021, came into effect in 2023. It focuses on the following items [12,13,14,15]:




	
CII refers to the weight of CO2 emitted per ton of cargo per nautical mile transported by a ship during the year of operation. It is expressed in g/ton·nm, with “nm” standing for nautical mile.



	
It is applicable to ships with a gross tonnage of 5000 tons or more.



	
It rates ships from A to E in terms of the effectiveness and efficiency of their annual fuel consumption. A is superior, B is minor superior, C is moderate, D is minor inferior, and E is inferior.



	
To obtain the CII rating of a ship, its required CII value in 2019 must be calculated first in accordance with the IMO formula and used as the CII reference line for defining each rating scale [15].



	
In accordance with the IMO formula, the annual attained CII value can be calculated according to the fuel consumption of the ship. The actual rating of the ship can be known according to the rating range in which the attained CII is calculated.



	
However, the above CII reference lines are not fixed and must decrease year by year in accordance with IMO rules [15]; that is to say, the boundaries of each rating will also decrease year by year. As a result, even under the same fuel consumption, a ship may get a lower rating in future years.








Under IMO’s energy efficiency existing ship index (EEXI) and CII systems, ships must use energy-saving technologies throughout their service lives [16]. For ships using traditional marine diesel, how to improve fuel burning efficiency and reduce carbon emissions is a major challenge. However, many studies have found that engine power saving can have a significant effect on emission reduction [17,18]. The IMO’s energy-saving framework is expected to have a significant impact on shipping patterns [16]. Therefore, the shipping industry is developing innovative energy-saving technologies such as organic Rankine cycle (ORC) [19,20], steam turbines, heat pumps, and heat recovery [20,21], where ORC and dual-pressure steam systems have been proven to be the most beneficial technologies for improving energy efficiency [19,20]. It has also been observed that some wind rotors and sails are installed on the deck to generate additional thrust to achieve energy-saving purposes [22]. In order to obtain a better CII rating, ship owners must try to improve their operational efficiency and reduce carbon emissions of their ships as much as possible. According to the estimates by the United Nations Conference on Trade and Development (UNCTAD), the global capacity of dry bulkers in 2022 was estimated to be 946,135 kilotons. About 36% of these ships were given a rating D or E [23]. For ships that have been rated D for three consecutive years or E for a single year, the owners must draw up corrective action plans and make improvements [15]. If they fail to improve, they may be subjected to a corresponding record of deficiency, or be detained during port state control inspections. The CII rating may also affect a ship’s insurance coverage. In addition, it is also related to the responsibility scope of the charterer, as ships with poor CII ratings may not be favored by charterers. As a result, it may lead to the low operating efficiency of ships and a gradual loss of competitiveness [24]. In order to effectively reduce the carbon emissions of existing ships and improve the CII rating, shipping companies may use all possible methods to obtain the best fuel consumption efficiency, including using alternative low-carbon or zero-carbon fuels [23,24,25], slow steaming, and optimizing the operation mode [21], e.g., using alternative routes or the great circle route to shorten the voyage, so as to reduce the attained CII value and achieve a better CII rating.



According to the regulations of MARPOL, the ship energy efficiency management plan (SEEMP) is a specific system used to supervise the fuel efficiency of ships [26], which has been incorporated into the ship’s international safety management system. Although the effect of EEXI on energy saving is not satisfactory [27,28], ships often use the following practices to improve ship fuel efficiency:




	
Changing ship operation details: cleaning the hull to reduce resistance, installing low-energy bulbs, installing solar/wind auxiliary power supplies to provide electricity for cabins, and using shore power for ships in ports, etc. [10,20].



	
Replacing ships: when shipping companies compete to build large ships in order to reduce transportation unit costs [29], they also consider how to improve fuel efficiency, especially the optimization of hull design, propeller pitch, and engine speed, as well as the application of energy-saving equipment to improve performance [26,30,31,32].



	
Using alternative fuels: when the provisions of the MARPOL Convention on the sulfur content of fuel oil came into force, more and more ships used alternative fuels [33] such as LNG and methanol [28,34,35,36].



	
Limiting engine power: according to IMO’s guidelines for the development of a ship energy efficiency management plan [37], speed optimization is a promising method to improve ship energy efficiency. Therefore, many existing ships adopt the engine power limitation (EPL) strategy to reduce the actual operating speed of the ships [17,18].








If slow steaming is adopted, although it can effectively save fuel consumption, it may increase the number of sailing days, which could have a significant negative impact on overall operating costs and capacity benefits. The Northeast Passage is a route connecting northeast Asia with northern Europe, starting with the Bering Strait in the east and ending with the Kola Peninsula in the west [38,39], as shown in Figure 1. In recent years, ships have used two main routes. Taking westward sailing as an example, after passing through the Vilkitskil Strait, ships can go directly west through the northern part of the Kara Sea and the central part of the Barents Sea. Alternatively, they can sail through the Kara Gates Strait and then to the western part of the Barents Sea. The reverse is also true for ships heading east. Historically, Russia has claimed sovereignty over the Northeast Passage and used it as a national transportation artery [40]. In recent years, because of its shorter distance, it has even been deliberately positioned as an alternative to the Suez Canal (also known as the Suez Route) [41]. However, the Northeast Passage is covered by sea ice all year round. This situation has attracted considerable concern from shipping companies, as sea ice can hamper navigation in the Northeast Passage. Since 1979, the ice sheet in September has decreased by about 13% every decade [42,43], as shown in Figure 2. The emissions of nitrogen oxides, sulfur oxides, carbides, etc. from ships are direct or indirect greenhouse gases, which would exacerbate global warming and even lead to the melting of ice in the Arctic. There are relevant mandatory regulations in MARPOL [44] to limit the emissions from vessels. The black carbon emitted by ships powered by fossil fuels is insoluble in water and has a strong capability to absorb solar radiation [45]. It would accelerate global warming extent and speed up ice melting in the Arctic [46,47]. In addition, low-sulfur heavy fuel oil used by ships, which contains a large amount of aromatic compounds, would increase the black carbon emissions and, thus, expedite melting of the Arctic ice [48]. The Dutch Bureau for Economic Policy Analysis predicted in 2015 that the Northeast Passage will be ice-free by 2030 [49]. Observations over the past decade have shown that the Barents Sea is the westernmost point of the Northeast Passage. In recent years, its ice sheet has greatly decreased, and it has come up obviously with “Atlantification”, with almost no ice even in winter [50]. In addition, according to records of Russia’s Northern Sea Route Administration, ships sail through the Northeast Passage each day from early January to mid-November. At its peak, there are 109 ships a day [51]. At the very least, such melting ice suggests that the Northeast Passage has become the Europe–Asia route of choice. For many years, ships sailing between Europe and Asia have taken the Suez Route. However, in recent years, melting ice has allowed the Northeast Passage to become an alternative route for ships. Compared with the Suez Route, the Northeast Passage could save up to 40% of the journey [52,53,54]. Under the CII rating system, it may be possible to use this advantage to balance the negative impact of increased sailing days as a result of ships sailing at reduced speeds. Therefore, the Northeast Passage may attract high interest from shipping companies. In other words, the IMO’s CII rating system may indirectly drive the future development of the Northeast Passage.



In this paper, Vessel Y, a dry bulk carrier belonging to Shipping Company C, was taken as the research object. According to the fuel consumption data corresponding to the maximum continuous rating (MCR), the revolutions per minute (RPM) of the main engine, and the ship speed, the formula prescribed by the IMO was adopted in this paper to calculate the required CII, attained CII, and CII ratings, for further analysis:




	
Through analyzing the attained CII values of Vessel Y at different sailing speeds, the factors affecting the CII rating of the ship could be clarified.



	
This paper analyzed the adverse effects of sailing at reduced speeds to achieve better CII ratings on the Eurasian route.



	
The benefits of the Northeast Passage to Eurasian routes under the CII rating framework were also analyzed.



	
In addition, the likely development of the Northeast Passage under the CII rating framework was forecasted.








On the basis of the analysis results, the impact of the IMO’s CII rating system on the future development of the Northeast Passage was evaluated.




2. Research Methods


This study explored the changes in the development of the Northeast Passage after implementation of the CII rating system. When ships sailing between Europe and Asia change their routes to the Northeast Passage, their CII ratings could be significantly improved, causing other ships to follow them and driving the rapid development of the Northeast Passage. In other words, the contribution of the Northeast Passage to the CII ratings of ships is an important factor influencing its development. Therefore, in order to effectively explore the impact of the Northeast Passage on CII ratings, the fuel consumption data of Vessel Y, a bulk carrier provided by Shipping Company C, were used in this study for calculation and analysis in accordance with relevant formulas of the IMO concerning the CII rating of ships.



2.1. Basic Ship Data


2.1.1. Ship Particulars


The ship particulars and fuel consumption of Vessel Y, a bulk carrier belonging to Shipping Company C, are shown in Table 1 and Table 2. This ship had a maximum continuous rating (MCR) of 6400 kW and a gross tonnage of 21,508. At 85% MCR and 104 rpm, the fuel consumption of the main engine was 26 tons/day, and that of the auxiliary engine was 0.8 ton/day.




2.1.2. Voyage Data


A ship’s fuel consumption is proportional to its voyage. In order to clearly calculate the CII rating performance of different voyages via the Northeast Passage and the Suez Route, voyages from Tokyo and Hong Kong to Hamburg and Barcelona were designed via the Northeast Passage and Suez Route, respectively. The CII ratings were calculated according to the ship speed and fuel consumption of Vessel Y, as shown in Table 2, and then further analysis was conducted. Nautical charts were used to measure the voyage distances between ports, as shown in Table 3.





2.2. Methods for Calculating Ship CII


According to the CII policy of the IMO, the carbon intensity of ships can be divided into five ratings denoted as A–E. In order to calculate the CII rating of Vessel Y, the following steps were taken:




	
Obtain the CII reference line first and use it as the basis for calculating the required CII of each year.



	
Obtain the required CII value of Vessel Y in each year and use it as the basis to define the boundaries of ratings A–E.



	
Obtain the boundaries of ratings A–E.



	
Obtain the attained CII values of Vessel Y in each year.



	
Analyze the range of the attained CII value of Vessel Y so as to determine its CII rating.








2.2.1. Calculation Method of the CII Reference Line Value


The CII rating of a ship depends on the relationship between its required CII value and its attained CII value. Therefore, the required CII value and the attained CII value of a ship must be calculated before its rating can be further determined. According to the provisions of IMO MEPC.338 (76) [14], if the required CII value of a ship in each year is to be calculated, its CII reference line in 2019 must be calculated first as the basis for calculating the required CII value of each year [14]. According to the provisions of MEPC.337 (76), the formula for calculating the CII reference line and the rules of relevant parameters [12,13] is as follows:


CIIref = a (capacity)−c,



(1)




where CIIref refers to the CII reference line in 2019, capacity refers to the dead weight tonnage (DWT) of the ship, parameter a is 4745 (only applicable to calculation of the CII reference lines for bulk carriers), and parameter c is 0.622 (only applicable to calculations of the CII reference lines for bulk carriers).




2.2.2. Calculation Method for the Required CII Values


According to IMO MEPC.338 (76), the required CII values must be reduced year by year from 2020 to 2026. The formula and reduction factor [14] are as follows:


Annual required CII = (1 − Z%) × CIIref,



(2)




where Z is the annual reduction factor. The annual reduction value is quoted in Table 4.



By substituting Equation (1) into Equation (2), the annual required CII value of Vessel Y could be calculated as follows:


Annual required CII = (1 − Z%) × 4745 × (36,155)−0.622.



(3)








2.2.3. Calculation Method of CII rating A–E Boundaries


According to IMO MEPC.339 (76) [15], the annual attained CII of a ship must be rated, as shown in Figure 3. It gives explicit ratings in a quantitative way. In order to clearly understand the rating results of the attained CII produced by Vessel Y at different speeds, the upper and lower boundaries of each rating needed to be calculated first. The formulas are shown below.


Superior boundary = exp (d1) × required CII.



(4)






Lower boundary = exp (d2) × required CII.



(5)






Upper boundary = exp (d3) × required CII.



(6)






Inferior boundary = exp (d4) × required CII.



(7)







Since Vessel Y is a bulk carrier, according to MEPC.339 (76) [15], d1, d2, d3, and d4 in Equations (4)–(7) were as shown in Table 5, after exponential transformation.




2.2.4. Calculation Method for the Attained CII Values


According to IMO MEPC.336 (76), ships must collect fuel consumption data to facilitate the calculation of their annual attained CII values. The calculation formulas [12] are as follows:


Attained CII = M/W,



(8)






M = FC × CF,



(9)






W = C × Dt,



(10)




where M is the total CO2 emissions of ships for yearly fuel consumption in grams/year, W is the product of the ship’s annual transport capacity and transport distance, FC is the total annual fuel consumption of the ship; CF is the carbon conversion coefficient (MEPC.308 (73) [55]; because Vessel Y uses diesel, CF = 3.206), C is the capacity of dead weight tonnage (DWT) of the ship, and Dt is the total nautical distance in nautical miles.



By substituting Equations (9) and (10) into Equation (8), the simplified formula for calculating the attained CII of Vessel Y can be obtained:


Attained CII = 3.206 FC/(C × Dt).



(11)










3. Results and Discussion


3.1. Annual Required CII of Vessel Y


According to Equation (1), the CII reference line value (CIIref) of Vessel Y can be obtained as follows:


CIIref = a (capacity)−c = 4745 × (36,155)−0.622 = 6.94



(12)







This value was also the required CII value of Vessel Y in 2019. By substituting the required CII value of 2019 into Equation (3), the required CII values of each year could be obtained. The results are shown in Table 6. It can be seen from Table 6 that existing ships have faced increasingly severe CII rating standards since 2023. This has resulted in a decrease in the required CII value year by year. As a result, ships have needed to adopt more effective energy conservation and carbon reduction practices over the years to meet the declining required CII values.




3.2. Annual CII Rating Boundaries of Vessel Y


According to the data in Table 5 and Table 6, Vessel Y’s rating boundaries in each year could be calculated using Equations (1)–(7) and could be used as the basis for verifying the annual CII ratings of Vessel Y. The results are shown in Table 7.



Rating boundaries can be calculated using the required CII values (i.e., the annual CII reference lines). With the reduction in the required CII value each year, the rating boundaries would also decline. In other words, if a ship fails to improve its carbon reduction efficiency year by year, the rating boundary will drop to a lower level, causing its CII rating to likely fall from the original high rating of A or B to a low rating of C, D, or even E.




3.3. Attained CII of Vessel Y


Since the CII rating is determined by the relationship between the attained CII and the required CII, in order to understand the CII rating obtained by Vessel Y on the Eurasia path via the Suez Route and the Northeast Passage, respectively, it was necessary to calculate its attained CII according to Equation (11) to further realize the CII rating obtained by the two routes. Since C in Equation (11) was a fixed value (capacity = 36,155; see Table 1), the attained CII values varied with the FC (total annual fuel consumption) and Dt (annual total voyage distance). Among these values, FC included the fuel consumption of the main engine and auxiliary engine, which was calculated by referring to the fuel consumption of the main engine and auxiliary engine of Vessel Y at different speeds, as shown in Table 2. Dt (annual total voyage distance) was calculated as the distance from the port of departure via the Suez Route or the Northeast Passage to the port of arrival. Taking the voyage from Tokyo in northeast Asia to Hamburg in northwest Europe as an example, without considering the influence of wind flow intensity, the attained CII at various fixed ship speeds was calculated, and the results were as shown in Table 8. Then, Figure 4 was drawn according to the data in Table 7 and Table 8 to represent the CII ratings obtained by Vessel Y sailing at various fixed speeds in each year from 2021 to 2026.




3.4. Key Factors Influencing the CII Rating


It cam be seen from the previous section that the CII rating obtained by a ship entirely depends on the relationship between its attained CII and the required CII. Among them, the attained CII is affected by the FC (annual total fuel consumption), shown in the numerator of Equation (11), and the Dt (annual total voyage distance), shown in the denominator of Equation (11). However, Table 8 shows that, when ships sail at the same speed, no matter if they take the Suez Route or the Northeast Passage, the attained CII values will be the same. Therefore, the voyage distance does not affect the results of the attained CII, since fuel consumption is proportional to the voyage distance in Equation (11). That is to say, when Dt (total sailing distance) in the denominator of Equation (11) increases, FC (total fuel consumption) in the numerator will also increase proportionally. By further researching Table 8, it can be found that the attained CII value may vary with a ship’s speed. The lower the ship speed and corresponding MCR of the main engine are, the lower the attained CII value will be. This phenomenon is in line with the aforementioned argument that fuel consumption is a cubic function of ship speed. This undoubtedly indicates that sailing at reduced speed is a basic principle for ships to reduce the attained CII value.



The shorter voyage is an advantage for the Northeast Passage. In practice, before the CII rating system was implemented, fuel cost savings and operational efficiency improvements were the main considerations of shipping companies when deciding to take a route through the Northeast Passage, especially when oil prices were relatively expensive. However, after the implementation of the CII rating system, shipping companies must also consider both the attained CII value and the CII rating. However, it has been shown above, according to Equation (11), that the attained CII value of a ship has nothing to do with Dt (total voyage distance). Taking the Northeast Passage does not seem to help ships reduce the attained CII value. However, when shipping companies comprehensively consider the fuel consumption cost, operating efficiency, CII rating, and other relevant factors, the total voyage distance becomes extremely important. The sailing time is a function of the total voyage distance, and it is related to the use efficiency of the vessel by the charterer during the contract term for the time charter party and the bareboat charter party. The longer the sailing time is, the fewer voyages the charterer can operate during the contract term. Therefore, although the attained CII can be effectively reduced through sailing at a reduced speed, the voyage distance remains a key factor in maintaining operation efficiency.




3.5. Impact of the CII Rating System on Eurasian Routes


In addition to the route around the Cape of Good Hope in Africa, the Suez Route is currently the main route between Europe and Asia. Although the total voyage distance does not affect the attained CII value and CII rating of the ship, ship speed is still the key factor for the attained CII value. Therefore, on the premise of obtaining a better CII rating, it is inevitable for ships to slow their sailing speed. However, this increases the number of sailing days, thereby greatly affecting the operating benefits of the shipping companies. Taking the CII rating of Vessel Y shown in Figure 4 as an example, although its CII rating could be maintained above a rating of C until 2026, from 2025, when its sailing speed was above 13.9 knots (i.e., 75% MCR), its attained CII would be higher than the required CII. The charterer could expect that this vessel would have to slow down, thus directly affecting the overall operational efficiency of the vessel and, in turn, weakening its competitiveness in the chartering market. Even if the attained CII was lower than the required CII, if it could only get rating C, the charterer could still have doubts about whether it would fall to a rating D due to the required CII becoming more strict year by year. Therefore, if it wants to maintain a certain level of competitiveness, maintaining a rating B would be a basic objective. From 2025, its ship speeds would need to be limited to 13.3 knots or less (65% MCR). In order to maintain a rating A, the speed limit would need to be below 12.6 knots (i.e., 55% MCR). This would be equivalent to forcing a new vessel to sail at a speed 35% to 45% lower than its original rated maximum MCR. The 85% MCR listed in Table 2 was the highest speed actually adopted by Vessel Y. Taking the voyage from Tokyo to Hamburg via the Suez Route as an example, the total voyage distance was 11,445 nm. When Vessel Y sails at the speed limit of 12.6 knots (55% MCR), the required sailing time would be 37.85 days. In comparison, it would only need 33.12 sailing days at a speed of 14.4 knots (85% MCR). This implies that that it would add 4.73 days and reduce the overall operating efficiency by 14.3%.



According to IMO regulations, the required CII would be reduced by 2% year by year from 2023 to 2026, as shown in Table 6. However, the regulations do not further stipulate the required CII values thereafter. According to the CII Reduction Factors Guidelines [15] of Resolution MEPC.338 (76), on the basis of the total supply of ships and with respect to the required CII of 2019, the reduction factor (i.e., factor Z in Equation (3)) of the required CII in 2030 should be at least 0.215 to achieve the IMO carbon reduction target [14]. The required CII and rating boundaries from 2027 were calculated on this based, as shown in points K and R in Figure 5. When Vessel Y sails at the speed limit of 12.6 knots (55% MCR), it would only achieve a rating B (point K) after 2027. By 2030, It would only achieve a rating C (point R). In order to maintain a rating B, it would need to reduce its speed to 12.1 knots (50% MCR). However, this would inevitably increase the number of shipping days. Taking the voyage from Tokyo to Hamburg via the Suez Route as an example, the sailing time would be increased to 39.41 days. Compared with the 33.12 days required to sail at 14.4 knots (85% MCR), the sailing time of the voyage would increase by 6.29 days, and the overall operating efficiency would decrease by 19%. Therefore, the CII rating system has a great impact on Eurasian routes.




3.6. Substantive Benefits of the Northeast Passage to Eurasia Routes under the CII Rating System


From the above discussion, it is clear that ship speed is the key factor influencing the attained CII value, while the voyage distance affects the operational efficiency. In practice, shipping companies must consider both factors. After the implementation of the CII rating system, it still remains to be further discussed what substantive contribution the Northeast Passage has made to the operating benefits of the Eurasia Route compared with the Suez Route. Table 9 shows the voyage distance differences from Tokyo and Hong Kong to Hamburg and Barcelona via the Northeast Passage and the Suez Route, respectively. Tokyo is located in northeast Asia, Hong Kong is located in southeast Asia, Hamburg is located in northwest Europe, and Barcelona is located in southern Europe. Among them, to the highest extent, the voyage distance between Tokyo and Hamburg could save 4671 nm via the Northeast Passage, reducing the distance by 40% compared with traveling via the Suez Route, which is quite significant. However, if changing the destination port to Barcelona in southern Europe, only 712 nm could be saved, which would have little effect on the operating efficiency. Moreover, for Hong Kong to Barcelona, choosing the Suez Route could reduce the voyage by 2245 nm. According to this, it can be found that not all Eurasian routes would balance the negative impact of increased shipping times caused by taking the Northeast Passage after the implementation of the CII rating system. More specifically, in terms of improving the operating efficiency of the Eurasian routes by the Northeast Passage, the routes from northwest Europe to northeast Asia had the most substantive benefits, but the routes from southern Europe to southeast Asia had almost no substantive benefits. In order to judge the substantive benefits of the Northeast Passage for Eurasian routes, the parameter Df was used:


Df = (voyage distance via the Northeast Passage)/(voyage distance via the Suez Route).



(13)




when Df ≥ 1, the Northeast Passage has no benefits at all; when Df < 1, the Northeast Passage has benefits. A smaller Df value denotes higher possible benefits provided by the Northeast Passage.
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Table 9. Port distance difference via the Northeast Passage and the Suez Route (in nautical miles).






Table 9. Port distance difference via the Northeast Passage and the Suez Route (in nautical miles).





	
Departure

	
Hamburg

	
Barcelona






	

	
Suez Route

	
NE Passage

	
Diff.

	
Suez Route

	
NE Passage

	
Diff.




	
Tokyo

	
11,445

	
6774

	
4671

	
9506

	
8794

	
712




	
Hong Kong

	
10,001

	
8335

	
1666

	
8062

	
10,307

	
−2245








Source: measured by the authors according to nautical charts.











Therefore, a ship which travels from northeast Asia to northwest Europe to obtain a superior attained CII value can take advantage of the shorter voyage of the Northeast Passage to balance the increased days due to low steaming. However, a ship which sails from Southeast Asia to southern Europe can only transit via Suez Route to achieve the predetermined frequency of port calls. The number of operating ships will, thus, inevitably increase, resulting in a negative effect on the carbon reduction goal of the overall shipping.




3.7. Possible Development of the Northeast Passage under the CII Rating System


Compared with other IMO policies on shipping carbon reduction, the CII rating system is in essence a certification mechanism for ships’ carbon reduction performance. It certainly has a degree of impact on ship route planning. The distance advantage of the Northeast Passage could indeed balance the negative impact of the CII system on the operational effectiveness of shipping. In addition, in practice, it has triggered a great deal of interest in the Northeast Passage from the shipping industry. For ships on Eurasian routes, the Northeast Passage is a function of ship transit utilization. In recent years, the number of ships and cargo volume [56] going through the Northeast Passage have shown a substantial increase year by year (Table 10). Compared with 2019, the number of ships and the cargo volume transiting via the Northeast Passage increased 132% and 193%, respectively, in 2021. The average dead weight tonnage (DWT) of ships transiting via the Northeast Passage increased 26% to 23,736 tons, up from 18,846 tons, symbolizing the rapid upsizing of ships sailing via the Northeast Passage. The carbon reduction policy has clearly led to a tendency for shipping companies to try to develop routes via the Northeast Passage.



As a result, shipping companies are more likely to use the Northeast Passage to counter the CII rating system. On the premise of reducing the attained CII value via low steaming to obtain a better CII rating, it is estimated that the Northeast Passage will gradually replace the Suez Route for existing ships moving between Northeast Asia and Northwest Europe. In terms of container liners, according to the successful test run via the Northeast Passage by Venta Maersk [57], it is estimated that the current Eurasian pendulum route via the Suez Route is highly likely to be adjusted to a circum-Europe–Asia route connecting the Northeast Passage (or Suez Route) via the Suez Route (or Northeast Passage).





4. Conclusions


The attained and required CII values of an existing bulk carrier via the Suez Channel and the Northeast Passage from Tokyo to Hamburg at various speeds were calculated in this study. The Northeast Passage development trend, on the basis of the number of ships and cargo volumes that transited via the Northeast Passage from 2015 to 2021, was further analyzed to evaluate its shipping development potential of Northeast Passage. Through the above research and discussion, the main results of this study could be summarized as shown below.



	
Taking a ship sailing from Tokyo to Hamburg for example, compared with the Suez Route, the Northeast Passage could save approximately 41% of the voyage distance, equivalent to 4671 nm. However, if ships sail at the same fixed speed, regardless of external environmental factors, both routes may get the same attained CII value. It can be seen that the voyage distance would not affect the CII rating performance of the ship.



	
Whether via the Suez Route or via the Northeast Passage, when a ship’s speed is gradually reduced from 14.4 knots (85% MCR) to 11.6 knots (45% MCR), the attained CII value would decrease from 6.48 g/ton·nm to 4.88 g/ton·nm in a non-proportional ratio. Ship speed is the key factor influencing the attained CII value and CII rating.



	
When a ship sails at an output power from 85% MCR to 75% MCR, every 5% reduction in MCR would result in an average reduction in the attained CII value of 0.13 g/ton-nm and a reduction in fuel consumption of 1 ton/day. However, when a ship sails at an output power from 75% MCR to 55% MCR, a 5% decrease in MCR would result in an average reduction in the attained CII value of 0.26 g/ton·nm, and the degree of reduction would increase by 100%. In addition, the fuel consumption would be reduced by 1.5 ton/day, and the energy-saving effect would be increased by 50%. The optimal ship speed was between 75% MCR and 55% MCR according to the CII rating system.



	
As IMO’s requirements on the required CII value become stricter year by year, the degree of the ship speed reductions will also increase. It is estimated that, in order to get a B rating in 2025, a sailing speed limit of 13.3 knots (65% MCR) would be required. By 2030, the speed limit will be 12.1 knots (50% MCR). At that time, if a ship were to sail from Tokyo to Hamburg via the Suez Route t this speed, the required shipping time would be 39.41 days. Compared with 33.12 days under the sailing speed of 14.4 knots (85% MCR), the sailing time would increase by 6.29 days and the overall shipping capacity would decrease by 19%, having a great impact.



	
Taking advantage of the shorter voyage via the Northeast Passage could balance the negative impact of the increased number of sailing days caused by reduced sailing speeds. Its substantive benefit depends on the distance ratio between the Northeast Passage and the Suez Route. If the ratio is less than 1, the Northeast Passage will have substantial benefits. Moreover, a smaller ratio denotes a more substantial benefit.



	
Compared with 2019, in 2021, the number of ships transiting via the Northeast Passage increased by 132%, and the volume of cargo transiting via the Northeast Passage increased by 193%. In addition, the average dead weight tonnage of the ships transiting via the Northeast Passage increased by 26% from 18,846 tons to 23,736 tons. Therefore, under the global shipping carbon reduction policy, including the CII rating system, it is estimated that the number and size of ships using the Northeast Passage will increase year by year.
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Figure 1. Schematic diagram of the Northeast Passage. Source: plotted by the authors. 
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Figure 2. Average arctic sea ice extent during September 1979–2022. Source: plotted by the authors based on the data of [43]. 






Figure 2. Average arctic sea ice extent during September 1979–2022. Source: plotted by the authors based on the data of [43].



[image: Jmse 11 01341 g002]







[image: Jmse 11 01341 g003 550] 





Figure 3. Schematic diagram of the CII ratings and boundaries. 
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Figure 4. CII rating of Vessel Y at various speeds from 2019 to 2026. Source: plotted by the authors. 
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Figure 5. CII rating of Vessel Y at various speeds from 2027 to 2030. Source: plotted by the authors. 
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Table 1. Particulars of Vessel Y of Shipping Company C.






Table 1. Particulars of Vessel Y of Shipping Company C.





	Ship Type
	Bulk Carrier





	Gross tonnage
	21,508



	Summer DWT (tons)
	36,155



	MCR (kW)
	6400



	Propeller pitch (m)
	4.517



	Ship slip (%)
	5.2







Source: compiled by the authors from data provided by Shipping Company C.
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Table 2. Fuel consumption of Vessel Y at various speeds.






Table 2. Fuel consumption of Vessel Y at various speeds.





	
% of MCR

	
RPM

	
Speed (knot)

	
Main Engine Fuel Consumption (tons/day)






	
85

	
104

	
14.4

	
26




	
80

	
102

	
14.2

	
25




	
75

	
100

	
13.9

	
24




	
70

	
98

	
13.6

	
22.5




	
65

	
96

	
13.3

	
21




	
60

	
94

	
13.0

	
19.5




	
55

	
91

	
12.6

	
18




	
50

	
87

	
12.1

	
16.5




	
45

	
84

	
11.7

	
15.5




	
Auxiliary engine fuel consumption 0.8 ton/day








Source: compiled by the authors from data provided by Shipping Company C.
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Table 3. Port distances via the Northeast (NE) Passage and Suez Route (in nautical miles).






Table 3. Port distances via the Northeast (NE) Passage and Suez Route (in nautical miles).





	
Departure

	
Hamburg

	
Barcelona






	

	
Suez Route

	
NE Passage

	
Suez Route

	
NE Passage




	
Tokyo

	
11,445

	
6774

	
9506

	
8794




	
Hong Kong

	
10,001

	
8335

	
8062

	
10,307








Source: measured by the authors according to nautical charts.
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Table 4. Reduction factor Z (%) for the CII relative to the 2019 reference line.
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	Year
	Z (%) Relative to 2019





	2020
	1



	2021
	2



	2022
	3



	2023
	5



	2024
	7



	2025
	9



	2026
	11







Source: compiled by the authors from [14].
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Table 5. Different factors for the rating boundaries of bulk carriers.
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	exp (d1)
	0.86



	exp (d2)
	0.94



	exp (d3)
	1.06



	exp (d4)
	1.18







Source: compiled by the authors from [15].
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Table 6. Annual required CII values of Vessel Y.
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	Year
	Required CII





	2019
	6.94



	2020
	6.87



	2021
	6.80



	2022
	6.73



	2023
	6.59



	2024
	6.45



	2025
	6.31



	2026
	6.17







Source: calculated by the authors.
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Table 7. Annual required CII and rating boundaries of Vessel Y.






Table 7. Annual required CII and rating boundaries of Vessel Y.





	Year
	CII Ref. Line
	Superior Boundary
	Lower Boundary
	Upper

Boundary
	Inferior Boundary





	2019
	6.94
	5.96
	6.52
	7.35
	8.18



	2020
	6.87
	5.90
	6.45
	7.28
	8.10



	2021
	6.80
	5.84
	6.39
	7.20
	8.02



	2022
	6.73
	5.79
	6.32
	7.13
	7.94



	2023
	6.59
	5.67
	6.19
	6.98
	7.77



	2024
	6.45
	5.55
	6.06
	6.84
	7.61



	2025
	6.31
	5.43
	5.93
	6.69
	7.45



	2026
	6.17
	5.31
	5.80
	6.54
	7.28







Source: calculated by the authors.
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Table 8. Attained CII of Vessel Y.
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	% of MCR
	RPM
	Speed (knots)
	Attained CII

via Suez Route
	Attained CII

via Northeast Passage





	85
	104
	14.4
	6.48
	6.48



	80
	102
	14.2
	6.36
	6.36



	75
	100
	13.9
	6.23
	6.23



	70
	98
	13.6
	5.98
	5.98



	65
	96
	13.3
	5.71
	5.71



	60
	94
	13.0
	5.43
	5.43



	55
	91
	12.6
	5.19
	5.19



	50
	87
	12.1
	5.00
	5.00



	45
	84
	11.7
	4.88
	4.88







Source: calculated and prepared by the authors.
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Table 10. Annual growth rate of ships and cargos transiting via the Northeast Passage.
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	Year
	Cargo Traffic

(in 1000 tons)
	Annual Growth Rate (%) of Cargo Transiting
	Number of Ships Transiting
	Annual Growth Rate (%) of Ships Transiting





	2015
	39.6
	--
	18
	--



	2016
	214.5
	441
	19
	5



	2017
	194.4
	−9
	27
	42



	2018
	491.3
	152
	27
	0



	2019
	697.3
	42
	37
	37



	2020
	1281.0
	83
	61
	65



	2021
	2041.3
	59
	86
	41







Source: compiled by the authors from [56].
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