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Abstract: Maritime transportation is a key means for Taiwan to transport the cargo in the global
trade. Global warming has led to two new navigation channels for arctic passages, the Northeast
Passage and Northwest Passage. Research has increasingly addressed the unknown economic costs
of these passages, and the increase of navigational activity in the Arctic Ocean has also resulted in
CO2 emissions. Taiwan has one of the leading merchant fleets in the world; however, study on this
aspect in Taiwan is not available. We use Port of Taipei, Taiwan as the starting place to compare the
two arctic shipping routes and developed a model to determine the shipping costs and as well the
CO2 emission. The results showed that a voyage from the Port of Taipei to the Port of Rotterdam
through the Northeast Passage would be 2107 nautical miles shorter than voyage along the current
sea route to Europe but 2% to 3% costlier; CO2 emissions would be 3% lower. Sailing to New York
Harbor through the Northwest Passage would shorten voyages by 2459 nautical miles and reduce
both costs and CO2 emissions by 7%. Therefore, if tolls were lowered or sailing speeds increased,
sailing through the Arctic Passages could be a great opportunity for shipping industries and enable
Taiwan to develop its shipping economy while protecting the marine environment.

Keywords: arctic passages; CO2 emissions; Europe sea route; Americas sea route; maritime pollution

1. Introduction

International maritime transportation occupies a critical position in global trade. Data
from the United Nations Conference on Trade and Development (UNCTAD) indicate that
maritime transportation accounts for 80% of the world’s trade and facilitates the flow
of global supply chains [1]. Increases in shipping have worsened emission problems,
with 51% of CO2 emissions in international trade coming from maritime transportation,
27% coming from air transportation, and 22% coming from land transportation [2]. The
International Maritime Organization (IMO) conducted a study on global greenhouse gases
and reported that from 2012 to 2018, total emissions of greenhouse gases in the shipping
industry increased from 977 M tons to 1.076 G tons, with CO2 emissions increasing from
962 M tons to 1.056 G tons [3]; consequently, maritime transportation has become a rapidly
growing source of greenhouse gas emissions [4].

Global warming has resulted in a massive reduction in icebound surface in the Arctic
Ocean [5], and the Sea surface temperature increases each year [6]. According to research
data from the National Oceanic and Atmospheric Administration (NOAA), arctic tem-
peratures increased twice as fast as the global average in 2020 [7] which also means the
rate of ice melt will become faster, and sea level will rise rapidly [8]. Other studies on
climate change have reminded the public that the Arctic may become ice free in the next
20 years [9]. The massive melting of ice has resulted in two new sea routes in the Arctic,
the Northeast Passage and Northwest Passage. Satellite images taken in late August 2008
indicate that the Northeast and Northwest Passages were open simultaneously for the first
time, sparking heated discussion worldwide. In July 2009, two freight ships belonging
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to Beluga Shipping GmbH, a German shipping company, set out from South Korea and
sailed north through the Northeast Passage, which was typically sealed off by ice and
unnavigable throughout the year, arriving safely in the Netherlands at Rotterdam [10]. This
voyage is particularly notable in the history of Arctic shipping because it is an indirect
announcement of the birth of a new commercial shipping route. The success of the voyage
led to the gradual development of commercial transportation through the Arctic Ocean but
also to ecological effects such as oil pollution and CO2 emissions in the region [11]. Then,
in November of 2020, the IMO approved an amendment to Annex I of the International
Convention for the Prevention of Pollution from Ships (MARPOL) that prohibited ships
from burning, using, or carrying heavy fuel oil (HFO) in Arctic waters [12]; this prohibition
will take effect on 1 July 2024. However, ships registered with a country bordering the
Arctic Ocean can continue to operate without the aforementioned restrictions within its
country’s waters until 1 July 2029. The IMO hopes to establish a legally binding system
regulating carbon emissions by developing measures to reduce the use of HFO on ships,
meet emission standards, and formulate carbon tax plans. They expect to achieve carbon
neutrality in global shipping by 2050.

Given that Arctic shipping routes have become a foreseeable part in the future, coun-
tries have begun researching whether Arctic shipping routes are conducive to the shipping
industry. Schøyen et al. [13] studied the transport of iron ore from Norway to China
through the Northeast Passage by assuming icebreaking fees of US$380,000 for each trip
and argued that the Northeast Passage is more economical than existing European shipping
routes. Raza et al. [14] studied the transport of liquefied natural gas from Norway to
Japan through the Northeast Passage and observed that the Northeast Passage would be
more economical than existing European shipping routes by assuming a 50% reduction in
icebreaking fees. Faury et al. [15] studied the feasibility of shipping petrol from Murmansk
to South Korea via the Northeast Passage, the study applied Northeast Passage tariffs from
2014 and provided the upper and lower bounds for the ice conditions; the results indicated
that the Northeast Passage was only more economical between July and November. Dim-
itrios et al. [16] studied oil tankers of various sizes traveling a range of distances through
the Northeast Passage, and their analysis of fees and costs revealed that the Northeast
Passage was more economical only when oil prices were high and icebreaking fees were
discounted. Somanathan et al. [17] indicated that at the same cost, 38% more trips can
be made from Yokohama to St. John’s and 13% more trips can be made from Yokohama
to Finland via the Northwest Passage. TurgutKoçak et al. [18] noted that although the
Suez Canal is currently the most efficient route, but if the harsh conditions of the Arctic
route are not taken into account, the Arctic Sea Route is more economical for Asian to
European ports. Gleb et al. [19] found that after setting the costs and adding an evaluation
of ice conditions, a combined route (Northeast Passage in summer, Suez Canal in winter)
would be more advantageous than simply sailing though Suez Canal. Comparatively, there
was 14% cost difference from Yokohama to Rotterdam and an 8% cost difference from
Shanghai to Rotterdam. Lasserre [20] pointed out that if other factors are added, such as the
ambiguity of the adjustable ice breaking costs, the unreliability of the Northeast Passage,
and the amount of cargo carried, the Northeast Passage will not be as favorable as the
traditional passages. Xu et al. [21] used the LNG ships to compare the differences between
the Northeast Passage and the conventional shipping route and to calculate emissions. The
results showed that under the limited operating and operational costs, the smaller LNG
ships are more advantageous in the Northeast Passage. LNG ships can reduce emissions by
45.5–63% when sailing the Northeast Passage compared to a conventional fuel ship sailing
the Suez Canal.

The global shipping experienced container shortages and port congestion caused by
the global pandemic since 2020. However, due to the exceedingly high demand for foreign
trade, Taiwan’s international commercial ports handled approximately 750.04 M tons of
cargo, a 6.7% increase from 2020 and a new historic high; container handling accounted for
73.6% of that weight [22]. Trade volume with Europe and the United States also increased
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continuously over the year. This data indicate that container ships are vital to Taiwan’s
shipping industry, economic development, and trade. As one of the leading merchant
fleet owners in the world, however, study on the artic shipping in Taiwan is lacking. In
2021, Taiwan’s total export volume was US$446.45 B, and the total import volume was
US$381.17 B; marine shipping was accounted for the largest proportion of both [23]. From
the literature of Arctic shipping route analysis, the starting places typically are located in
Shanghai, Japan, and Korea and most of such analysis focused on a single route analysis
and the information of greenhouse gas emission was limited. This was the first study
in Taiwan’s perspective to investigate whether the dual Arctic shipping routes, i.e., one
leading to western Europe and the other leading to the eastern United States, can replace
existing shipping routes. Existing routes referred to ships from Taiwan reach western
Europe through the Suez Canal (hereafter referred to as “the Europe sea route”) and the
eastern United States through the Panama Canal (hereafter referred to as “the Americas sea
route”). The Port of Taipei in Taiwan was used to conduct this case study. The economical
and CO2 emissions from container ships along various shipping routes were compared
and whether the Arctic sea routes would be more economical was evaluated to facilitate
economic development while protecting marine environments.

2. Research Method

In this case study, we developed a model to compare existing sea routes and the Arctic
sea routes in terms of total transportation costs and CO2 emissions produced by burning oil
during the sea voyage. Two pairs of routes were compared in this study, i.e., the first pair for
container ships departing from the Port of Taipei to New York Harbor in the United States
through the Northwest Passage and the Americas sea route via Panama Canal; and the
second pair for container ships also departing from Port of Taipei to the Port of Rotterdam
in the Netherlands through the Northeast Passage and Europe sea route via Suez Canal.
Figure 1 exhibits the block diagram in this case study.
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2.1. Ship Characteristics and Route Distance

The ships’ size, speed, and ice class, which refers to requirements for travel through
the Arctic Ocean, were studied. Since this study only examined summertime navigation,
the required ice class was 1A (Arc4) [24]. An analysis of shipping volume along Arctic sea
routes in 2020 provided information regarding ships that traveled through the Northeast
Passage as reference [25]. This study examined two ships sizes: 1500-TEU container ships,
which carry approximately 22,000 tons and are highly common, and 4500-TEU container
ships, which carry approximately 50,000 tons and are the largest ships that can pass through
the Arctic sea routes. One reason these ships were investigated is that container ships



Water 2022, 14, 2099 4 of 16

passing through the Northwest Passage typically have one harbor destination and do
not stop at other harbors in transit; therefore, they do not need to be particularly large.
Another reason is that the water depth is only 13 to 15 m in certain locations along the
Arctic sea routes.

Speed is a major factor affecting cost. The speed of container ships in open waters
is typically between 13 and 23 knots [26]. This study used a random number generator
10,000 times to obtain simulated container ship speeds in this range; an average open water
speed of 15 knots was obtained. Canal speed was set to 4 knots on the basis of Panama
Canal passage time [27]. Since the ships in this study sailed during the summer, the speed
of travel through icy waters was assumed to be approximately 13 knots.

The most crucial factor affecting sailing costs and CO2 emissions is the sailing schedule
because it directly affects ships’ fuel consumption, the crew’s wages, and operational and
maintenance costs. This study used PortDistance (Ver. 1.9.5, Marine Circle Ltd., Shanghai,
China) to calculate the length of the sea routes.

2.2. Shipping Cost

In this study, shipping costs in Equation (1) consisted of cost of voyage operation CVO,
cost of voyage capital CVC, cost of voyage fuel CVF, and cost of voyage transit CVT. This
study developed an equation to calculate cost by modifying equations from Lu et al. [28]
and Xu and Yin [29]. The first-hand real-world numbers were used instead of using rough
estimate or adopting from second-hand references. Numbers used in the equations were
best available based on real market price or obtained from container operators having arctic
shipping experiences through personal communications whenever possible.

Shipping Cost = CVO + CVC + CVF + CVT (1)

2.2.1. Cost of Voyage Operation (CVO)

CVO represents the cost of a single voyage in terms of the crew’s wages, maintenance
fees and company management fees.

1. Daily maintenance: Annual maintenance fees typically account for 1.095% of ship-
building costs [30]. Due to differences in design and specifications, the maintenance
costs of ice-class ships can be 5% to 21% higher than those of normal container ships
of the same size [15]; this study used the median of this range 13%.

2. Ship insurance: Insurances fees for a typical container ship account for approximately
0.343% of shipbuilding costs [30]. However, because the Arctic sea routes are not
fully developed and entail adverse weather and navigation conditions, insurance
companies typically list Arctic sea routes as high-risk routes. Consequently, the
annual insurance fees for an Arctic sea route are 16.7% to 100% higher than those
of a conventional route [31]. According to statistics, most insurance companies are
reluctant to insure firms that do not have experience in Arctic shipping, and even
for cooperated companies, the insurance fees are still 25% to 50% higher than the
conventional route [32]; this study used the median of this range 37.5%.

3. Crew size and wages: Taiwan’s medium-sized and large container ships are equipped
with automated control systems and are crewed by approximately 20 people. Accord-
ing to the website Nautic Jobs, the average monthly wage for a crew member of an
international container ship in 2021 was US$3359.6 [33]. However, ship operating
companies have indicated that wages for crew members on Arctic sea routes are
typically 10% to 20% higher than those for crew members on conventional sea routes
because of the expertise required for ice-class ships and the dangers of Arctic sea
routes [26]; this study used the median of this range, 15%.

4. Company management fees: Company management fees were calculated by referenc-
ing Drewry’s [34] and 2020 reviews and forecasts of ship operating costs. Data from
ship companies operating on Arctic sea routes have indicated that ice-class ships cost
approximately 10% more to operate than does a typical ship [26].
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2.2.2. Cost of Voyage Capital (CVC)

CVC refers to the value of a ship and its depreciation after a single voyage. This study
calculated this cost using the costs for constructing new ships in US dollars [30].

CVC =
CNV

VDYear ∗ 365 ∑Z
i

(
DOW

24∗VOW
+

DIW, i

24∗VIW, i

)
(2)

Here, CNV represents the cost of constructing a new normal ship. Data from inter-
national ship firms (based on ready-made ships) have indicated that, a typical 1500-TEU
container ship costs approximately US$23 M to build and that a typical 4500-TEU container
ship costs approximately US$67 M to build. Navigating the Arctic Ocean requires ice-class
container ships. Year of vessel depreciation YVD represents the depreciation period of the
ship. Taiwan’s Ministry of Finance requires that container ships have a minimum deprecia-
tion period of 18 years [35]. DOW and DIW,i refer to the sailing distance (in nautical miles)
on open waters and icy waters, respectively, with i being the minimum number of areas
with icy waters. Z is the total number of areas with icy waters. The Northwest Passage
has only one such area, but the Northeast Passage has seven. VOW and VIW,i represent the
sailing speeds (knots) on open waters and icy waters, respectively. The sailing speed on
open waters was assumed to be the set sailing speed, and the sailing speed on icy waters
was assumed to be the speed of the escort icebreaker.

2.2.3. Cost of Voyage Fuel (CVF)

CVF is the fuel cost of a single voyage. Fuel consumption is determined by ship size,
sailing speed, and navigation time [28].

CVF = FP∗FCON ∑Z
i

(
DOW

24∗VOW
+

DIW, i

24∗VIW, i

)
(3)

Fuel price Fp is the price of the HFO used by ships (USD/ton). Fuel consumption
FCON is the daily consumption of HFO in tons. The daily fuel consumption of a typical
container ship varies between open and icy waters [26]. According to the Russian Maritime
Register of Shipping, Ice Class 1A container ships consume 20% more fuel than do typical
container ships of the same tonnage [36,37]. Between 2011 and 2019, the average price of
marine fuel MF380 worldwide fluctuated between US$156/ton and US$743/ton [38]. This
study used the price of MF380 which indicated by Taiwan’s CPC Corporation in January
2022, which was US$656/ton [39].

2.2.4. Cost of Voyage Transit (CVT)

CVT represents costs incurred during a voyage. Tolls for passing through the Panama
Canal is charged bu TEU that can be accessed on the Panama Canal Authority website [27]
(Table 1). The Northwest Passage, which corresponds to the Americas sea route, has no
toll mechanism because Canada claims that this waterway is an inland sea, and the claim
is not internationally recognized. Therefore, this study assumed that any tolls along the
Northwest Passage would be similar to those in the Panama Canal. Tolls for passing
through the Suez Canal toward Europe is charged by tons that can be accessed on the Suez
Canal Authority website [38] (Table 1). Toll standards along the Northeast Passage, which
corresponds to the Europe sea route, can be accessed on the Russian Northern Sea Route
Administration website [40]; the original tolls are given in Rubles and were converted to
US dollars by using the mean exchange rate from 2021 (US$1 = 73.647 Rubles) [41].

Combining (1)–(3) Equation (4).

Shipping Cost = (FP∗FCON +
CNV

VDYear ∗ 365
)∑Z

i (
DOW

24∗VOW
+

DIW, i

24∗VIW, i
) + CVO + CVT (4)
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Table 1. Sea route tolls through arctic passages and the existing Panama and Suez Canal.

Passage/Canal Standard of the Toll

Panama Canal

Less than 1000 TEU = USD 60/TEU.
Greater than or equal to 1000 TEU and less than 2000 TEU = USD

60/TEU.
Greater than or equal to 2000 and less than 3500 TEU = USD

60/TEU.
Greater than or equal to 3500 TEU = USD 60/TEU.

Northwest Passage Assumed that similar to Panama Canal

Suez Canal

First 5000 tons = USD 7.88/tons.
Next 5000 tons = USD 5.41/tons.

Next 10,000 tons = USD 4.20/tons.
Next 20,000 tons = USD 2.94/tons.
Next 30,000 tons = USD 2.73/tons.

Northeast Passage
Ice Class: Arc4 or 1A.

Season: Summer.
Quantity zones: 7.

2.3. Carbon Dioxide Emission

Since the United Nations Framework Convention on Climate Change (UNFCCC) was
first drafted, the maritime transportation industry has never been included in the agreement
to reduce greenhouse gas emissions. However, with the increasing contribution of the mar-
itime transportation industry to global emissions, the international community has begun
to pay attention to reducing greenhouse gas emissions from the maritime transportation in-
dustry [42]. In 2006, the Intergovernmental Panel on Climate Change (IPCC) and European
Environment Agency (EEA) provided a top-down method of calculating greenhouse gas
emissions based on fuel and a bottom-up method based on activity level [43]. This study
adopted the top-down method, which is based on CO2 emissions from burning fuel. Total
CO2 emissions are obtained by multiplying a ship’s fuel consumption by a corresponding
emission factor. The accuracy of this method can be determined by comparing the results
with ships’ fuel consumption. This method is mainly used to calculate a country’s CO2
emissions. The equation is as follows:

Marine CO2 emissions = Fuel consumption ∗ Emission Factor (5)

The emission factor in this equation is based on the CO2 emissions index released by
the International Council on Clean Transportation (ICCT) in 2021. The emission factor of
HFO was updated to 3.545 in 2021 [44].

3. Results and Discussion
3.1. Distance of the Route

This study compared the length of the Americas sea route and Europe sea route with
that of the Northwest Passage and Northeast Passage, respectively. Figure 2 presents the
ocean voyages from the Port of Taipei to New York Harbor. In the Americas sea route, ships
depart from the Port of Taipei and travel across the Pacific Ocean through the Panama Canal
and into the Caribbean Sea before arriving in New York Harbor; the length is approximately
10,842 nautical miles. To transport cargo via the Northwest Passage, ships depart from
the Port of Taipei and travel through the Sea of Japan, the Bering Sea, and the Northwest
Passage before arriving in the Northern Atlantic Ocean and docking at New York Harbor;
the length is approximately 8383 nautical miles. The Americas sea route (through the
Panama Canal) is 2459 nautical miles longer than the journey through the Northwest
Passage, which creates considerable differences in sailing schedules.
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3.2. Calculation of the Shipping Cost
3.2.1. Calculation of CVO

By using the information in Section 2.2.1, we calculated that daily operating costs are
approximately US$3726 for a typical 1500-TEU container ship, US$4291 for an ice-class
container ship of the same size, US$6009 for a typical 4500-TEU container ship, and US$6956
for an ice-class ship of the same size (Table 2). Ice-class container ships cost more to operate
per day than does a typical container ship of the same TEU. For the 1500-TEU size, ice-class
container ships cost 13% more to operate than do typical container ships, with crew wages
accounting for approximately 60% of daily operating costs. For the 4500-TEU size, ice-class
container ship costs 14% more to operate than do typical container ships, with crew wages
accounting for only 37% of daily operating costs and daily maintenance fees accounting
for 33%.

Table 2. Voyage costs based on different tonnage and ice class of the vessel.

Daily Operating Costs (USD) 1500 TEU 1500 TEU (1A) 4500 TEU 4500 TEU (1A)

Maintenance 690 780 2010 2271
Crew wages 2240 2576 2240 2576

Insurance 216 297 630 866
Management 580 638 1130 1243

Total 3726 4291 6009 6956

3.2.2. Calculation of CVC

By using the information in Section 2.2.2, we calculated that daily depreciation is
US$3501 for a typical 1500-TEU container ship, US$3973 for an ice-class container ship
of the same capacity, US$10,198 for a typical 4500-TEU container ship, and US$11,575 for
an ice-class container ship of the same capacity (Table 3). For the 1500-TEU size, ice-class
container ships depreciate by US$472 more per day than do typical container ships. For the
4500-TEU size, the ice class container ship depreciates US $1377 more per day than does
the typical container ship.

Table 3. Shipbuilding costs and depreciation.

Cost (USD) 1500 TEU 1500 TEU(1A) 4500 TEU 4500 TEU (1A)

Shipbuilding Cost 23.0 M 26.1 M 67.0 M 76.0 M
Daily depreciation 3501 3973 10,198 11,575

CVC 101,634 93,146 296,065 271,339

By using (3), we calculated that the capital cost of each voyage is US$101,634 for
a typical 1500-TEU container ship, US$93,146 for an ice-class 1500-TEU container ship,
US$296,065 for a typical 4500-TEU container ship, and US$271,339 for an ice-class 4500-
TEU container ship (Table 3). Due to differences in voyage time, the ice-class container
ships have lower capital costs per voyage. The capital cost of ice-class ships is US$8488
less than that of typical container ships for the 1500-TEU size and US$24,726 less for the
4500-TEU size.

3.2.3. Calculation of CVF

Using the information from Sections 2.1 and 2.2.3, we calculated that typical 1500- TEU
and 4500-TEU container ships sailing via the Europe sea route consume 639 and 1408 tons
of fuel per voyage, respectively, whereas ice-class container ships of the same sizes consume
619 and 1364 tons of fuel per voyage, respectively, when sailing via the Northeast Passage.
Typical 1500-TEU and 4500-TEU container ships sailing via the Americas sea route consume
670 and 1477 tons of fuel per voyage, respectively, whereas ice-class container ships of the
same sizes consume 624 and 1375 tons of fuel per voyage, respectively, when sailing via the
Northwest Passage (Table 4).
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Table 4. Fuel consumption along different sea routes.

Fuel
Consumption

(Tons)

Panama Canal
and Northwest

Passage
Differences

Suez Canal and
Northeast
Passage

Differences

1500 TEU 639
20

670
461500 TEU(1A) 619 624

4500 TEU 1408
44

1477
1024500 TEU(1A) 1364 1375

Although ice-class container ships consume more fuel per day, because the Arctic
passages are shorter than the Europe and Americas sea routes, the ice-class container
ships consume less total fuel per voyage than do typical container ships. For 1500-TEU
container ships, fuel consumption along the Northeast Passage is approximately 20 tons
less than that along the Europe sea route, and fuel consumption along the Northwest
Passage is approximately 46 tons less than that along the Americas sea route. For 4500-TEU
container ships, fuel consumption volumes along the Northeast and Northwest Passages
are approximately 44 and 102 tons less than those along Europe sea route and Americas
sea route, respectively.

3.2.4. Calculation of CVT

The passage fees for 1500-TEU (22,000-ton) and 4500-TEU (50,000-ton) container ships
were calculated using the information in Section 2.2.4 (Table 5). Since the Northwest Passage
is not open, the study assumed its tolls would be similar to the fees for crossing the Panama
Canal; therefore, no meaningful differences were observed. For a 1500-TEU container
ship, crossing the Suez Canal costs US$114,330, and crossing the Northeast Passage costs
US$160,124, whereas the costs for a 4500-TEU container ship are US$194,550 and $303,366,
respectively. The fees to pass through the Northeast Passage are approximately 29% higher
than those for the Suez Canal for a 1500-TEU container ship and 36% higher for a 4500-TEU
container ship.

Table 5. Tolls and transit fees along different sea routes.

Passage Fees (USD) 22,000-Ton/1500 TEU
Container Ships

50,000-Ton/4500 TEU
Container Ships

Panama Canal 90,000 277,000
Northwest Passage 90,000 * 277,000 *

Suez Canal 114,330 194,550
Northeast Passage 160,124 303,366

Note: * Similar to Panama Canal.

3.3. Calculation of the CO2 Emission

After the length and fuel consumption for each shipping route were determined, the
CO2 emissions of each route were calculated (Figure 4). Along the Europe sea route, a
typical 1500-TEU container ship emits 2264 tons of carbon, and a typical 4500-TEU con-
tainer ship emits 4992 tons. Along the Northeast Passage, an ice-class 1500-TEU container
ship emits 2194 tons, and an ice-class 4500-TEU container ship emits 4837 tons. Ice-class
1500-TEU container ships sailing through the Northeast Passage emit approximately 70 tons
of CO2 less than do typical 1500-TEU container ships navigating along the Europe sea
route and through the Suez Canal; when the ship capacity is 4500-TEU, ice-class container
ships emit approximately 155 tons of CO2 less than do typical container ships. Both sizes
of ice-class ships emit 3% less CO2 overall.



Water 2022, 14, 2099 10 of 16

Water 2022, 14, x FOR PEER REVIEW 10 of 16 
 

 

Ice-class 1500-TEU container ships sailing through the Northeast Passage emit 
approximately 70 tons of CO2 less than do typical 1500-TEU container ships navigating 
along the Europe sea route and through the Suez Canal; when the ship capacity is 4500-
TEU, ice-class container ships emit approximately 155 tons of CO2 less than do typical 
container ships. Both sizes of ice-class ships emit 3% less CO2 overall. 

 
Figure 4. Comparison of CO2 emissions for Europe sea route and Northeast Passage. 

Figure 5 presents the CO2 emissions along the Americas sea route (through the 
Panama Canal) and the Northwest Passage. For the Americas sea route, a typical 1500-
TEU container ship emits approximately 2375 tons of CO2, and a typical 4500-TEU 
container ship emits 5236 tons of CO2. Along the Northwest Passage, their ice-class 
counterparts emit 2211 and 4874 tons of CO2, respectively. An ice-class 1500-TEU 
container ship sailing through the Northwest Passage emits approximately 164 tons of 
CO2 less than does a typical 1500-TEU container ship sailing along the Americas sea route 
through the Panama Canal; when the ship capacity is 4500 TEU, an ice-class container ship 
emits approximately 362 tons less than does a typical container ship. Both sizes of ice-class 
ships emit 7% less CO2 overall. 

 
Figure 5. Comparison of CO2 emissions for Americas sea route and Northwest Passage. 

3.4. Discussion 
Figure 6 presents the total costs for each voyage. Sailing along the Europe sea route 

costs approximately US$743,123 for a typical 1500-TEU container ship and US$1,588,760 
for a typical 4500-TEU container ship. Sailing through the Northeast Passage costs 
approximately US$759,842 for an ice-class 1500-TEU container ship and US$1,632,788 for 
an ice-class 4500-TEU container ship. For the 1500-TEU size, the cost of sailing an ice-class 

Figure 4. Comparison of CO2 emissions for Europe sea route and Northeast Passage.

Figure 5 presents the CO2 emissions along the Americas sea route (through the Panama
Canal) and the Northwest Passage. For the Americas sea route, a typical 1500-TEU container
ship emits approximately 2375 tons of CO2, and a typical 4500-TEU container ship emits
5236 tons of CO2. Along the Northwest Passage, their ice-class counterparts emit 2211 and
4874 tons of CO2, respectively. An ice-class 1500-TEU container ship sailing through the
Northwest Passage emits approximately 164 tons of CO2 less than does a typical 1500-TEU
container ship sailing along the Americas sea route through the Panama Canal; when the
ship capacity is 4500 TEU, an ice-class container ship emits approximately 362 tons less
than does a typical container ship. Both sizes of ice-class ships emit 7% less CO2 overall.
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3.4. Discussion

Figure 6 presents the total costs for each voyage. Sailing along the Europe sea route
costs approximately US$743,123 for a typical 1500-TEU container ship and US$1,588,760
for a typical 4500-TEU container ship. Sailing through the Northeast Passage costs ap-
proximately US$759,842 for an ice-class 1500-TEU container ship and US$1,632,788 for an
ice-class 4500-TEU container ship. For the 1500-TEU size, the cost of sailing an ice-class
container ship through the Northeast Passage is 2% higher than that of sailing a typical
container ship along the Europe sea route. For the 4500-TEU size, sailing an ice-class
container ship through the Northeast Passage costs approximately 3% more than does
traveling along the Europe sea route.
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An analysis of individual voyage costs indicated that sailing an ice-class container
ship through the Northeast Passage costs less than does sailing a typical container ship
along the Europe sea route, except for tolls. The high tolls for transit through the Northeast
Passage directly causes the total cost of a single voyage through the Northeast Passage to
be higher than the total cost of a single voyage along the Europe sea route (Figure 7).
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If the tolls for traveling through the Northeast Passage were lowered by 10% for
ice-class 1500-TEU container ships and by 15% for ice-class 4500-TEU container ships, the
total cost for traveling to the Port of Rotterdam via the Northeast Passage would be lower
than that for traveling along the Europe sea route. By assuming the Northeast Passage tolls
were not reduced, this study observed that if the speed of sailing in the Northeast Passage
were increased to match that of sailing in normal waters, the total cost of traveling through
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the Northeast Passage would be less than that of traveling along the Europe sea route.
Research on melting ice in the Arctic at the current rate indicates that this assumption is
within the realm of possibility.

Figure 8 presents the costs of traveling to New York Harbor. The total cost of one
voyage along the Americas sea route is approximately US$749,597 for a typical 1500-TEU
container ship and US$1,732,510 for a typical 4500-TEU container ship. The total cost of
one voyage through the Northwest Passage is approximately US$694,301 for an ice-class
1500-TEU container ship and US$1,609,581 for an ice-class 4500-TEU container ship. Sailing
along the Americas sea route is approximately 7% more expensive than sailing through the
Northwest Passage for both 1500-TEU and 4500-TEU container ships.
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Figure 9 presents an analysis of the costs of sailing along the Americas sea route and
through the Northwest Passage. Since the Northwest Passage is not open and has no
established toll system, this study assumed it had the same tolls as the Panama Canal. This
in combination with the short length of the Northwest Passage makes it lower cost than the
Americas sea route. If the Northwest Passage were open for sailing, tolls would become a
major factor affecting cost. The analysis revealed that if tolls were increased by 55% for an
ice-class 1500-TEU container ship and by 43% for an ice-class 4500-TEU container ship, the
total cost of sailing through the Northwest Passage would still be lower than the current
cost of sailing through the Americas sea route.

The results are similar to those of Raza et al. [14], Faury et al. [15], and Dimitrios et al. [16].
These studies indicated that icebreaking fees are the main factor determining whether passage
through the Northeast Passage would be advantageous. Faury et al. [15] noted that sailing
speed is also a determinant, which is consistent with the results of this study. Dimitrios et al. [16]
observed that in addition to icebreaking fees, high fuel prices, the US–Ruble exchange rate, and
voyage length determine the economic benefits of sailing through the Northeast Passage. The
results of this study differed from those of Schøyen et al. [13]; despite analyzing similar sailing
distances, Schøyen et al. used lower sailing speeds and higher icebreaking fees. However, the
Northeast Passage is more advantageous than the Europe sea route because they assumed that
both sea routes would take 30 days; slower sailing speeds would enable ice-class container ships
to reduce fuel consumption considerably [13]. In addition, Schøyen et al. assumed oil prices
to be US$1000 which exceeds market prices substantially. As indicated previously, the Arctic
sea routes are more advantageous when oil prices increase. The results for the calculation of
CO2 emissions are similar to one of the conclusions of Xu et al. [21] that the Northeast Passage
does reduce emissions. However, although the economic analysis of both the Northeast Passage
and the Northwest Passage was carried out in Xu et al. [21], but only the Northeast Passage
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calculated carbon emission calculation, and the comparison was made between LNG ships and
general ships.
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Container ships sailing along sea routes to Europe and the Americas spend more
than 80% of time at sea. If the Arctic becomes ice free, ice-class container ships will be
able to make approximately 13 voyages along the Northeast Passage per year. On the
basis of the information in Section 3.3, each ice-class 1500-TEU container ship can reduce
carbon emissions by 876 tons per year, whereas each ice-class 4500-TEU container ship can
reduce carbon emissions by 1930 tons. Under similar ice-free conditions in the Arctic, ice-
class container ships can make approximately 12 voyages through the Northwest Passage
per year. This would reduce carbon emissions by approximately 2032 tons per ice-class
1500-TEU container ship and by 4480 tons per ice-class 4500-TEU container ship each year.
In 2021, the International Chamber of Shipping (ICS) expressed an intention to enact a
carbon tax to reduce CO2 emissions from maritime transportation. The IMO agreed to
revise its greenhouse gas strategy in 2023 [45] and expects to implement new measures to
reduce emissions by 2025; a carbon tax is also being discussed. These measures will affect
not only shipping companies but also national economies [46]. The global atmospheric
CO2 concentration has steadily increased, resulting in increases in global temperature,
including temperatures in areas of northwestern Russia near the entrance to the Arctic
Ocean [47]. Currently the research of annual increases in CO2 levels in the Arctic Circle is
lacking, the data on single-voyage CO2 emissions for typical and ice-class container ships
(1500-TEU and 4500-TEU) from this study can be used as reference to calculate the CO2
emissions produced by navigating in the Arctic Circle. There are very few studies on the
effects of species and biodiversity caused by the discharge of pollutants in the Arctic Ocean
shipping routes, because it’s difficult to study the ecological impacts in the Arctic Circle
and the lack of ecological models [48]. In these rare studies, the aquatic toxicity data of
Arctic species are also lacking for oil pollution and can only be replaced by experimental
models [49]. At most, water quality sampling was used to predict impacts, with no data on
actual biological effects [50]. Although it is true that shipping via the Arctic Sea Routes can
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reduce overall emissions, it does not seem feasible to achieve the 2050 carbon neutrality
target by navigating the Arctic Sea Route, and more technology and exploration is needed,
for example reducing the sailing speed [51], or the use of the clean fuel (LNG) [52]. It is
necessary to pay attention on how to acquire a balance between the new Arctic shipping
routes and the protection of the marine environment.

4. Conclusions

The results indicate that the cost of sailing through the Arctic passages is affected by
tolls, speed, and oil prices, with tolls being the most crucial factor. A 10% to 15% reduction
in icebreaking fees would lower the total cost of sailing through the Northeast Passage to
less than that of sailing along the Europe sea route. In addition, the tolls for sailing through
the Northwest Passage could be 55% more than those for sailing through the Panama Canal
for ice-class 1500-TEU container ships and 43% more for ice-class 4500-TEU container ships
while the total costs could remain lower than those for sailing along the Americas sea route.
In the future, the loan and financial study can be useful to analyze the case of shipping
companies with multiple ships, because those company’s value and calculation are based
on the optimal total value of free cash flows to equity for each level of the starting capital
and the number of acquired vessels [53]. A single voyage through the Northeast Passage
emits 3% less CO2 than does a single voyage along the existing Europe sea route, whereas a
single voyage through the Northwest Passage emits 7% less CO2 than does a voyage along
the Americas sea route. Consequently, sailing through the Arctic Passages reduces carbon
emissions and thereby slows global warming. Therefore, the Arctic Passages can be utilized
to develop maritime transportation and reduce carbon emissions in a cost-effective manner.
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