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Abstract: The rapidly increasing concentrations of carbon dioxide lead to a threat of global climate
change. As one of the major sources of carbon emissions in the Antarctic region, shipborne tourism
in the Antarctic is expanding rapidly. Consequently, the carbon emissions of shipborne tourism in
Antarctica are rapidly increasing. However, there is not enough attention being paid to this issue.
In this paper, a calculation model was established to calculate the carbon emissions of cruise ships
from the 2003/04 season to the 2016/17 season. The evolution of the carbon emissions from Antarctic
cruise ships was described. An aggregate energy efficiency index was developed to evaluate the
energy efficiency performance of Antarctic vessels. The key drivers were analyzed to find the paths
of carbon reduction. The results show that: (1) The emissions per passenger-trip did not show a
downward trend. The total carbon emissions increased continuously with the increasing number of
tourists. The total carbon emissions in the 2016/17 season was double that in the 2003/04 season.
(2) The aggregate energy efficiency index of Antarctic tour vessels has not reached an advanced
level yet. It is the main reason for the high value of emissions per passenger-trip. (3) Due to the
oversupply of Antarctica tour ships, there is a low rate of occupancy, which accounts for the decline
in aggregate energy efficiency from the 2014/15 season to the 2016/17 season. This study suggests
that the administrators of Antarctica should strengthen supervision of the tourism market, control
the rapid growth in the number of cruise ships, improve the aggregate energy efficiency of cruise
ships and form an efficient and green Antarctic tourism management system.

Keywords: shipborne tourism; energy consumption; carbon mitigation; energy efficiency; Antarctic

1. Introduction

The concentration of carbon in the Antarctic atmosphere has been rising at a faster rate
than on other continents since the end of the last century. The value of that concentration
has reached the level of 400 ppm recently [1,2]. Although it is still not clear what portion of
that is from emissions within the Antarctic continent, it is certain that carbon emissions
within or near the continent will make the situation worse [3]. Antarctic tourism is a major
source of carbon emissions within the Antarctic continent, especially on the Antarctic
Peninsula and its surrounding areas [4]. If per capita carbon emissions continue to be high,
with the rapid expansion of the scale of Antarctic tourism, which is estimated to be rising
at an average annual growth rate of 15%, carbon emissions from Antarctic tourism will
increase significantly, inevitably exacerbating the rising trend of CO2 concentration in the
Antarctic region. The Antarctic Treaty Organization and the Antarctic Travel Association
have successively introduced restrictions (including banning cruise ships with more than
500 people on board), the International Maritime Organization has banned ships containing
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heavy oil from entering Antarctica, and some travel agencies have introduced environmen-
tal education measures to encourage tourists to conduct low-carbon Antarctic tours. The
number of Antarctic tourists has grown from 23,000 in the 2003/04 season to 74,401 in the
2019/20 season [5,6].

Shipborne tourism has long been the main route for most tourists (more than 95%) to
the South Pole. In the 2016/17 season, ship-based tourism accounted for 98.4% (44,358 from
a total of 45,083) of the Antarctic tourism market. Tourists travel from all over the world
to southern Chile or to the port of Ushuaia in Argentina before sailing to the Antarctic
Peninsula [7]. The Antarctic Peninsula, close to South America, has a relatively mild
summer climate, relatively less sea ice, a wide range of wildlife, diverse landscapes and
science stations, which will fully meet the curiosity of visitors [8,9]. In recent years, the
rapid growth in the number of visitors to the Antarctic Peninsula has raised concerns
about the environmental impact, security problems and regulatory difficulties of Antarctic
tourism [10,11]. The validity of these concerns remains controversial, and part of reason is
that they have not been extensively studied.

Researchers began to focus on the impact of Antarctic tourism on global change in
2006. The existing research mainly focuses on three aspects [12,13]: the accounting of
carbon emissions related to travel to Antarctic [14–18], perceptions of climate change
and weather conditions [19–23] and effects of climate change on key resources such
as heritage sites [24–26]. The carbon emissions accounting is the basis of next stage
research, such as analyzing the environmental impact of ship-based tourism, explor-
ing the key drivers of carbon emission mitigation and proposing emission reduction
paths. The study in this paper starts from the calculation of carbon emissions from
Antarctica shipborne tourism [26].

Previous studies on carbon emissions accounting for Antarctic tourism have explored
the calculation method for carbon emissions from Antarctica tour vessels. Some empirical
research was also conducted for certain tourism seasons. Amelung and Lamers [14]
estimated the emission of CO2 equivalents involved in activities of almost the entire
journey, from the origin of the trip to the “ harbor or airport of the last country before the
arrival of the Antarctic ”, then to the Antarctic Peninsula, and activities on the Antarctic
Peninsula. They estimated emissions of around 15 tonnes of CO2 equivalents per passenger
(for flights and the cruise to Antarctica). Farreny et al. [16] improved the calculation model
for the fuel consumption of ships in the study by Amelung and Lamers [14] to ensure
that the calculation results of fuel consumption are closer to reality. They also improved
the estimation boundaries for carbon emissions, and only calculated the CO2 emissions
of cruise ships during operation in Antarctic waters. Farreny et al. [16] calculated carbon
emissions from Antarctic tourism during the 2008/09 tourism season based on an improved
methodology. The results show that the carbon emissions per passenger-trip were about
5.44 tons, and carbon emissions per passenger-day were 0.49 tons. About 70% of the carbon
emissions come from cruise ship trips to and from Antarctica, and 30% come from air travel
from home and then back to home. This highlights the importance of ship-based tourism
in controlling the environmental impact of Antarctic tourism. By constantly updating the
calculation model for fuel consumption, existing studies put forward a relatively practical
calculation method for the fuel consumption of Antarctica tour vessels. It lays a foundation
for establishing the methodology framework of carbon emissions accounting for Antarctic
shipborne tourism.

Unfortunately, the focus of current research is still at the accounting stage. And only
certain seasons of the carbon emissions of Antarctic tour vessels have been calculated.
Lacking is a continuous systematic accounting and analysis for time series changes in
carbon emissions from Antarctic shipborne tourism, not to mention the lack of analysis and
research on a carbon emissions reduction path for Antarctic tourism. There still are many
controversies regarding the carbon emissions of shipborne tourism in Antarctica [27,28].
Different studies are often directed at different years and the methods used are also different.
The results obtained are not comparable. To resolve these issues, a calculation model of
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carbon emission for Antarctic shipborne tourism and a 17-seasons time series analysis have
been used to explore a dynamic presentation of carbon emissions of Antarctic tourism in
a longer-term perspective. An aggregate energy efficiency index (AEI) was developed to
evaluate the performance of Antarctic vessels for energy use. The variation of AEI across
the tourism seasons was tracked to analyze possible paths for energy conservation and
emissions reduction. Based on the above analysis, we propose policy recommendations for
tourism carbon reduction in Antarctica.

The remaining sections are organized as follows. Section 2 focuses on methodology,
presenting the calculation model of carbon emissions from Antarctic shipborne tourism
and the aggregate energy efficiency index. The data sources and revisions are also provided
in this section. Section 3 presents the results of carbon emission calculations (total carbon
emissions, per capita carbon emissions and carbon emissions per passenger per day) and
the aggregate energy efficiency index for Antarctic vessels from the 2003/2004 season to
the 2016/2017 season. The related discussion is presented in Section 4. The final section
provides the conclusion, details a series of policy recommendations and outlines the study’s
limitations and future areas of research.

2. Materials and Methods
2.1. The Calculation Model for Carbon Emissions from Antarctic Shipborne Tourism

In this study, the carbon emissions of each season were calculated using the bottom-up
approach [29]. The daily fuel consumption of a single ship is calculated according to
its operating data. Then the carbon emission is calculated by multiplying the emission
coefficient and the number of operation days (see Formula (1)). Finally, total carbon
emission is collected. The results are measured in tons of CO2.

Ci = γ·Fi·Ti (1)

where Ci is the total carbon emission of ship i, γ is the emission coefficient, Fi is the daily
fuel consumption of ship i, and Ti is the number of operation days.

The daily fuel consumption depends on the ship type, operating status and the
duration of each operating status. It can be calculated by the following model:

Fi = Fmax
i ·∑

j
wijtij (2)

where Fmax
i represents the fuel use at maximum power, wj represents the proportion of

fuel consumption in Fmax
i at each operation status, j represents the operation status, either

“hoteling” state or cruise state, and tij represents the daily running duration and this is
different for each state or each ship type.

The fuel use of each ship at maximum power (Fmax
i ) is calculated based on the regres-

sion model of tonnage and maximum power consumption, and the model expression is as
follows:

Fmax
i = α + β·GTi (3)

where GTi is gross tonnage of ship i, in tons, and α and β is the regression coefficient. The
estimated value of α and β can vary with the selected sample data.

The estimated value in the study of Hickman (α = 16.904, β = 0.00198) was based
on fuel consumption and gross tonnage data from 83 passenger ships of any kind, with
unknown relevance for Antarctic tourism. Farreny et al. [16] estimated the value (α = 8.103,
β = 0.002) based on information about 16 out of the 36 vessels of the Antarctic fleet, a sample
size that is deemed large enough to consider the model representative of the entire fleet.
The two estimations have virtually identical slopes (β), but their constants (α) are different.
The constant estimated by Hickman et al. [30] is more than twice the constant estimated
by Farreny et al. This implies that the difference in results between the two estimations is
relatively large for small ships, and relatively small for very large ships. This paper uses the
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value estimated by Farreny et al. for it based on a sample of the actual Antarctic tourism
fleet, which makes it superior to that proposed by Hickman et al.

The proportion (w) of fuel consumption in Fmax
i is different in each operation status.

In ‘hoteling’ state, the ship is in a fixed port or anchorage, and the fuel consumed is much
less than in ‘cruise’ state [14]. According to Hickman [30], the fuel consumption in ‘cruise’
state and in ‘hoteling’ state are, respectively, 80% and 32% of the fuel consumption at
maximum power.

In one voyage, the time ratio between ‘cruise’ state and ‘hoteling’ state in traditional
vessels and cruise-only ships is calculated separately. The operation duration of a ship in
‘cruise’ state is estimated by dividing the total distance by its cruising speed. Empirical
observations show that the average voyages of traditional vessels and cruise-only ships are
2000 miles and 1300 miles, respectively, with average speeds of 9 and 12 knots, respectively.
For the rest of the time, the ship is in ‘hoteling’ state, where it may be suspended for reasons
such as boarding or leaving. The results of the calculations show that the time spent by
traditional vessels and cruise-only ships in ‘cruise’ state is very similar, 71% and 70%,
respectively. The rest of the time is spent in ‘hoteling’ state [31].

The procedure of converting fuel consumption into carbon emissions follows the study
by Farreny et al. [16]. The carbon emission factors come from Hickman’s research [30]. In
this study, the total carbon emissions, the emissions per passenger-trip and emissions per
passenger-day were calculated.

2.2. The Building of the Aggregate Energy Efficiency Index Model

According to the existing research and the carbon emission calculation model for
Antarctic tour vessels [9,32], the carbon emissions of Antarctic shipborne tourism is influ-
enced by the luxury degree (ratio of gross tonnage to capacity), occupancy rate of vessels,
the trip length and technical characteristics (dynamic efficiency, shape design, etc.) of
cruise ships. Given the availability and continuity of the data (the technology update of a
cruise ship is often discontinuous), this study selects the first three indicators: ratio of gross
tonnage to capacity, occupancy rate of vessels and the trip length, to build the aggregate
energy efficiency index model for Antarctic tour vessels.

2.2.1. Ratio of Gross Tonnage to Capacity (RTC)

The ratio of gross tonnage to capacity is expressed by the number of passengers that
a ship can load in each kiloton (Formula (4)). It reflects the extent to which the tourism
vessels are luxury vessels [33].

RTCi =
Ci

GTi
(4)

where Ci represents the capability of ship i and GTi represents the gross tonnage of ship i.
The lower the ratio of gross tonnage to capacity, the more the tonnage per passenger,

the more luxurious the vessels are, and the greater the carbon emissions per passenger-trip
will be; on the other hand, the higher the ratio of gross tonnage to capacity, the less the
tonnage per passenger, the more economical the vessels are, and the smaller the carbon
emissions per passenger-trip will be.

2.2.2. Occupancy of Vessels (OV)

The occupancy rate of a ship is the ratio of passengers to its maximum carrying
capacity (Formula (5)).

OVi =
Ni
Ci

(5)

where Ni represents the number of passengers of ship i on a trip.
The occupancy rates reflect how efficiently a ship is being used on a certain trip [34].

The higher the occupancy rate of a ship is, the lower its per capita fuel consumption will be
and the lower its corresponding carbon emissions.
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2.2.3. Length of the Trip (LT)

The trip length is the time duration it takes a ship to make a trip to and from the
Antarctic continent. The longer the trip length, the higher the corresponding fuel consump-
tion and carbon emissions. It is worth noting that the standard value of travel length is not
0, but rather the minimum time duration necessary to meet the basic needs of tourists. The
length of travel duration is directly related to the carbon emissions of the cruise ship. In
the case of a fixed tonnage and load factor, the longer the trip length, the greater the total
carbon emissions of the cruise ship will be.

2.2.4. The Aggregate Energy Efficiency Index (AEI)

The aggregate energy efficiency index reflects the degree of energy conservation of a tour
ship. It is a combination of information from RTC, OV and LT. In this study, the geometric
mean was used to aggregate the information of these three factors (Formula (6)). The geometric
average can highlight the role of the Buckets effect, which conforms the relationship between
energy efficiency and the three factors. Specifically, a low cruise occupancy rate for a tour
ship, even if the cruise ship has a high tonnage to capacity ratio and a short trip length, will
lead to a relatively high per capita carbon emission for the trip.

AEIi =
(

SRTC
i ·SOV

i ·SLT
i

) 1
3 (6)

where SOV
i , SLT

i , SLCI
i represent the standard value of RTC, OV and LT, respectively.

The method of data standardization is shown in Formula (7).

Si =

{
(xi − minxi)/(maxxi − minxi) when Ei is positive
(maxxi − xi)/(maxxi − minxi) when Ei is negative

(7)

where maxxi and minxi represent the maximum value and minimum value of variable x,
respectively. Ei represents the effect of variable x on the energy efficiency. If variable x has
a positive effect on the energy efficiency, then Ei is positive, and vice versa.

It is worth noting that, during data standardization, a certain effect of a variable on
the energy efficiency is corresponding with a certain calculation function in Formula (7).
When a variable is positive for the energy efficiency, it is a positive variable and should be
standardized by the first function in Formula (7). Otherwise, the second function should be
selected. For energy efficiency, the larger the RTC value is, the lower the energy efficiency of
the cruise ship will be. Therefore, the RTC plays a positive role and belongs to the positive
variables. Similarly, OV is a positive indicator and LT is a negative indicator.

The value of AEI is calculated by two steps. In the first step, the values of RTC, OV
and LT are substituted into Formula (7) for data standardization. In the second step, the
standard value of the three indicators are substituted into Formula (6) to obtain the value
of the aggregate energy efficiency index. In order to avoid zero values in the results of data
standardization, the minimum values of RTC and OV were set to 2.5 persons per kiloton
and 30% respectively. The maximum value of LT was set to 40 days.

Because the number of cruise ships for each tourism season is different, the results of
AEI among different seasons cannot be compared directly. In order to solve this problem, the
results of AEI are classified into four value ranges by quartile. The four ranges are the low
value area [0,0.25), relative low value area [0.25, 0.5), relative high value area [0.5, 0.75), and
high value area [0.75, 1). Consequently, the variation of AEI in the time series can be reflected
by the change in the number of ships in the same value area. Specifically, the number of ships
in each value area should be counted first. Then the proportion of the number of ships of a
value area to the total number of ships during certain seasons should be calculated.

2.3. Data Resources and Revision

The gross tonnage and maximum passenger capacity of Antarctic tour vessels are
mainly taken from Wikipedia and the official website of the cruise ship company. Other
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data, including the number of passengers, trip length and frequency, are all from the
statistical data of Antarctic tourism released by International Association of Antarctica Tour
Operators (IAATO). This study’s analysis ends in the 2016/17 season, as IAATO no longer
disclosed specific information about Antarctic cruise ships after 2019.

During the data compilation, we found some special phenomena associated with the
Antarctic excursion vessels and some errors in the data published on the IAATO official
website. For the former, to be specific, one ship may use two or more designations to sail
in the same season. For example, the Explorer II was named Explorer II in 2003/04, but
was named either Alexander von Humboldt or Explorer II for different voyages during
the 2004/05–2007/08 seasons (for the first few voyages of each of these tour seasons it was
named the Alexander von Humboldt, and for the last several voyages it was called the
Explorer II). Since the 2008/09 season, it has been renamed as the Minerva. As for the data
error issues, there are several mistakes in the data released by the IAATO. For instance, in
the 2003/04 season, the cruise ship World Discoverer had a sailing span from 18 December
2003 to 5 December 2004, so the sailing time was almost one year. After verification, we
ascertained that its actual return was on 5 January 2004. In this paper, we recognized all
multi-name vessels and corrected any data errors that have been discovered.

Additionally, the trip length data of Antarctic tourism vessels released by IAATO
needed to be discriminated. Due to different schedules, different voyages have different
trip lengths. For the ships with longer sailing times, maybe forty days or longer, we found
that the ships did not travel all that time in the Antarctic. This paper analyzes and deals
with this issue. For example, Bark Europe often travels for as long as 50 days in the last
voyage of each season. By understanding its logbooks [35], we found that the destination
of this voyage is Cape Town, South Africa. And the actual trip length in the Antarctic is
only about 30 days.

The lanes of traditional vessels are relatively fixed (between Ushuaia and the Antarctic
Peninsula). However, the lanes of cruise-only ships are not fixed. Each voyage has a unique
origin and destination, usually including bigger ports such as Buenos Aires, Santiago
(Chile) and Rio de Janeiro, or other larger ports. They often cruise for months. In this
period, about six or seven days are usually in Antarctic waters, leaving or returning to
Ushuaia. In this study, the carbon emissions of cruise-only ships was calculated only for
when they cruise in Antarctic waters.

The operations data (number of vessels, number of passengers, etc.) for traditional
vessels and cruise-only ships is sourced from IAATO and the Tierra de Fuego Tourism Office.
The list of vessels included in the analysis, with their gross tonnage, years of operation in the
Antarctic, total passengers and average trip length are shown in the Supplementary Materials.

SPSS19.0 was used for data collation and analysis in this paper.

3. Results
3.1. The Scale Evolution of Antarctic Shipborne Tourism

The scale of Antarctic cruise tourism has shown an overall increase during the
17 tourism seasons, as shown in Table 1. The total number of Antarctic cruise ships
has nearly doubled from 28 in the 2003/04 season to 42 in 2019/20 season. Meanwhile,
the total number of Antarctic cruise tourists has more than tripled from 24,082 to 74,401.
Notably, there was a significant decline in the scale of Antarctic cruise tourism from the
2009/10 season to the 2011/12 season.

Table 1. The number of vessels and passengers of Antarctic tourism from 2003/04 season to 2019/20 season.

Tourism
Season

Number of
Traditional

Vessels

Number of
Cruise-Only

Ships

Total Number
of Vessels

Passengers Via
Traditional

Vessels

Passengers Via
Cruise-Only Ships

Total Number
of Passengers

2003/04 25 3 28 19,143 4939 24,082
2004/05 28 4 32 22,672 5024 27,696
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Table 1. Cont.

Tourism
Season

Number of
Traditional

Vessels

Number of
Cruise-Only

Ships

Total Number
of Vessels

Passengers Via
Traditional

Vessels

Passengers Via
Cruise-Only Ships

Total Number
of Passengers

2005/06 32 3 35 25,105 4632 29,737
2006/07 37 5 42 28,510 6930 35,440
2007/08 38 6 44 32,146 12,176 44,322
2008/09 34 4 38 27,313 10,090 37,403
2009/10 29 7 36 24,671 11,522 36,193
2010/11 23 7 30 18,840 14,373 33,213
2011/12 25 3 28 21,387 4387 25,774
2012/13 23 4 27 24,357 9070 33,427
2013/14 26 4 30 26,954 9670 36,624
2014/15 24 4 28 26,538 9459 35,997
2015/16 27 4 31 29,638 8109 37,747
2016/17 31 4 35 36,883 7475 44,358
2017/18 34 4 38 43,691 14,440 58,131
2018/19 33 4 37 40,665 10,889 56,168
2019/20 36 6 42 49,806 18,506 74,401

3.2. The Carbon Emissions from Vessels of Antarctic Tourism

The results for the carbon emissions of Antarctic tourism are shown by three indicators:
total carbon emissions, carbon emissions per passenger-trip and carbon emissions per
passenger per day.

3.2.1. The Total Carbon Emissions

As shown in Figure 1, the variation of total carbon emissions from vessels in Antarctica
shows an S-shaped trend. The peaks (141.85 kt) and troughs (98.75 kt) appeared in the
2008/09 season and the 2011/12 season, respectively.
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Figure 1. Carbon emissions of Antarctic tour ships from 2003/04 season to 2016/17 season.

Carbon emissions from traditional vessels were on the rise from the 2003/04 season to
the 2007/08 season, and then declined until the 2011/12 season. In the last six seasons, the
carbon emissions resume their rise and reach 167.6 kt in the 2016/17 season.
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Carbon emissions from cruise-only ships are relatively low in total, and its change
shows different trends. The total carbon emissions continued to rise before the 2010/11
season. Then, there was a sharp decline in the 2011/12 season. After a slight rebound in
the 2012/13 tourism season, the emissions saw a gradual slowdown.

3.2.2. The Emissions per Passenger-Trip

Figure 2 shows the line chart for carbon emissions per passenger-trip for the Antarctic
ships, differentiating between traditional vessels and cruise-only ships.
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Figure 2. Emissions per passenger-trip of Antarctic tour ships from 2003/04 season to 2016/17 season.

As shown in Figure 2, the carbon emissions per passenger-trip of ship-based tourism
in Antarctic fluctuated between 3.2 t and 4.14 t. The highest value (4.14 t) appeared in
the 2005/06 season and the lowest value in the 2007/08 season. The volatility gradually
decreased over time. Unfortunately, no downward trend appeared in the change of carbon
emissions per passenger-trip. And there is a continuous increase from the 2012/13 season
to the 2015/16 season.

The carbon emissions per passenger-trip of traditional vessels fluctuated between
4.01 t and 4.76 t. Its volatility is very similar to the volatility of the total.

The carbon emissions per passenger-trip of cruise-only ships fluctuate within the
range of 0.82–1.94 t. There are two lower points in its line chart at the 2007/08 season and
the 2011/12 season. It also reveals a general downward trend from the 2005/06 season to
the 2011/12 season, and then a rising tendency appeared in the last five seasons.

3.2.3. The Emissions per Passenger-Day

As shown in Figure 3, the carbon emissions per passenger-day of ships in Antarc-
tica fluctuated between 0.33–0.42 t, and the average value for traditional vessels fluctu-
ated between 0.35–0.46 t. The average value for cruise-only ships fluctuated between
0.13–0.34 t.
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3.3. The Aggregate Energy Efficiency Index
3.3.1. Ratio of Gross Tonnage to Capacity (RTC)

As shown in Figure 4, the ratio of gross tonnage to capacity is on a declining curve. The
abnormally high value point disappeared in the 2009/10 season. The smallest mid-value
(about 22/kt) appeared in the 2010/11 season. Comparing the change in the ratio of gross
tonnage to capacity with that of the carbon emissions per passenger-trip, we find that either
the maximum value or the minimum value appeared in the corresponding year. This is
evidence for the conclusion that the ratio of gross tonnage to capacity is one of the main
influencing factors for carbon emissions per passenger-trip.
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3.3.2. Occupancy of Vessels (OV)

Figure 5 shows the changes of occupancy of traditional Antarctic cruise vessels in the
past 14 seasons. In general, the change of occupancy is in correspondence with the change of
tourist numbers. From the 2003/04 season to the 2008/09 season, as the number of tourists
in Antarctica continued to increase, the average occupancy of Antarctic vessels continued
to increase; on the other hand, the number of vessels with abnormally low occupancy of
vessels was decreasing. In the 2007/08 season, the number of tourists peaked and there
was no abnormal low value of occupancy. The abnormal low values for occupancy of
vessels begin to increase when the number of Antarctic tourists decreases from the 2009/10
season. In 2011, the extreme low value appeared. Since the 2012/13 season, however, the
occupancy of vessels has increased, with the number of tourists increasing at the same
time. However, it is worth noting that the occupancy of vessels appeared to continuously
decrease in the last three seasons.
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3.3.3. Length of the Trip (LT)

It can be seen from the box diagram in Figure 6 that the average trip length of most
traditional vessels in Antarctica is around 10–15 days. The range of the trip length is
expanding year after year and this trend reflects the enrichment and diversification of
Antarctic tourism services. The median of average trip length was fluctuating before
the 2009/10 tourism season and then stabilized at around 12 days after the 2010/11
tourism season.
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3.3.4. The Aggregate Energy Efficiency Index

The proportion change of the aggregate energy efficiency index (AEI) during 14 tourist
seasons is shown in Figure 7.
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As shown in Figure 7, a large proportion of ships have a relatively high AEI value in
all 14 tourism seasons. The cruise ships in the region with the second highest index values
account for the largest proportion. A small proportion of cruise ships are located in the
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relatively low AEI value area. Only a tiny proportion of cruise ships belong to the high AEI
value area. There are also several cruise ships that have the low AEI value.

In terms of the change of AEI values, there are only slight fluctuations during the
14 seasons. There is no tendency to the high-value region. Nevertheless, in the last three
seasons, the AEI values of ships show a tendency towards the low value area.

4. Discussion
4.1. Carbon Emissions and Variations

As shown in the calculation results for carbon emissions, the highest total carbon
emissions of Antarctic shipborne tourism were 167.6 kt and appeared in the 2016/17
season. The values of total carbon emissions are smaller than those of other mainland
tourist attractions. However, the emissions per passenger-trip have reached 4.14 t, which
is obviously higher than those of other mainland tourist attractions. This is consistent
with the results of Farreny et al. [16] in their research on the 2008/2009 tourism season.
An obvious reason for this phenomenon is distance. The special geographical position of
Antarctica makes for a longer voyage in Antarctic tourism. Tourists spend most of their
travel time on the ships. Thus, Antarctic tour ships have a variety of energy needs, including
power for lights, heating and accommodations. Ships in the Antarctic tourism lanes will
evidently consume more fuel than those in other lanes. This is confirmed by Simonsen
et al. [36], whose study on cruise ships’ energy consumption found that cruise ships in
the polar regions consume more fuel than those in other regions [37]. Another reason for
the high energy consumption is special weather and navigation conditions. Compared
with shipborne tourism in lower latitudes, the Antarctic cruise ships are faced with lower
ambient temperature and more severe navigation conditions. The routes of Antarctic cruise
ships are located in the latitudes higher than 60 ◦S. The perennial average temperature in
these latitudes is lower than for tour attractions in any other region. Therefore, the energy
consumption for cabin heating is relatively higher than that in other regions. In terms of
navigation conditions, the Southern Ocean brings more wind, waves and resistance to the
cruise ships. In particular, the cruise ships are faced with greater navigation resistance than
in other regions when passing through the Drake Passage [38].

The carbon emissions per passenger-trip for cruise-only ships are significantly less
than those for traditional vessels (by about 2–5 times). One reason is the scale effect on this
kind of ship. Cruise-only ships can carry several thousands of passengers in one trip. The
Star Princess, the largest cruise ship in Antarctica, can pick up about 5000 travelers in one
trip. Additionally, travelers on cruise-only ships are not able to land in Antarctica and thus
have a shorter cruise duration, about 6–7 days, than those in landing ships, about 20 days.

In the field of carbon emissions variation, the emissions per passenger-trip fluctuated
in the fourteen tourism seasons. There was no apparent declining trend that appeared over
the 14 seasons. Consequently, the total carbon emissions would vary with the number of
tourists. This has been confirmed by the results of this study. The trend of total carbon
emissions is consistent with that of the number of tourists. This means that if the emissions
per passenger-trip are not effectively controlled in the near future, the total carbon emissions
of ship-based tourism will continue to rise with the increase of the number of tourists [39].

The impact of the global economic situation on Antarctic tourism cannot be underesti-
mated. The number of Antarctic tourists fell only in the 2008/09 season. The impact of the
2008 recession is the main reason for the decline in Antarctic tourism carbon emissions in
the 2008/09 season. The impact lasted until the 2011/12 season when it began to recover.
The International Association of Antarctic Tour Operators (IAATO) reported 74,401 Antarc-
tic tourists in the 2019–2020 season, doubling the number just five years earlier [40]. This
fully reflects the influence of the global economic situation on changes in Antarctic tourism
demand [41]. Unfortunately, the COVID-19 pandemic has also had a negative impact on
tourism and the global economy, leading to a sharp drop in Antarctic tourism. [42] As
the pandemic dissipates and the global economy recovers, however, the scale of Antarctic
tourism is set to rise [25].
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4.2. The Aggregate Energy Efficiency Index (AEI) of Antarctic Tour Vessels
4.2.1. Variation of AEI Value

Compared with uncontrollable factors such as weather conditions, navigation condi-
tions and global economic changes, factors such as the ratio of gross tonnage to capacity,
occupancy rate and trip length of cruise ships are more controllable for carbon reduction in
Antarctic shipborne tourism. According to the distribution and variation of the aggregate
energy efficiency index, there are few tour ships with high AEI value. Thus, there is still
more room for further improvement in carbon emissions from Antarctic shipborne tourism.
In the last three tourism seasons, the AEI value of ships has shifted from the high value
area to the low value area, which indicates that the energy efficiency of the ships appears
to be in a downward trend. This downward trend may drive an increase in the emissions
per passenger-trip and may even increase the total carbon emissions. It is urgent to take
corresponding measures to regulate the operation and management of Antarctic tourism.

4.2.2. Variation of Indicators

The variation of AEI values can be explained by the variation of the three indicators:
ratio of gross tonnage to capacity, occupancy rate and the trip length. The variation of the
three indicators is discussed to find out the short planks that hinder carbon reduction in
Antarctic shipborne tourism.

The distribution of the ratio of gross tonnage to capacity of tourism vessels in Antarc-
tica tends to be concentrated over time, and the ratio range is continuously narrowing.
From the 2009/10 season, the relatively abnormally high value of the ratio of gross tonnage
to capacity of the vessels has disappeared, and the type of vessels has a tendency towards
homogenization. From the 2011/12 season to the 2016/17 season, the mid-value of the
ratio of gross tonnage to capacity is basically stable at the level of 30 passengers/kt. The
vessels in this level can meet the various needs of visitors such as tourism comfort, landing,
cost economy and so on. In other words, the tendency to homogenization in Antarctic
tourist vessels is the result of market selection. As a result, more vessels at the level of
30 passengers/kt will operate in Antarctic waters in the future. Thus, the key to control
the carbon emissions of the Antarctic tourist vessels is to control the carbon emissions of
vessels at this level.

The ratio of gross tonnage to the capacity of a ship is basically fixed after the con-
struction. But the carbon emission for each journey also depends on its occupancy and
trip length.

The changes in occupancy rates suggested that Antarctic tourism still has much room
for reform in the integration of tourist resources. Specifically, in the years when tourists are
more frequent, cruise vessels generally have higher passenger loading rates. On the other
hand, in the seasons with fewer tourists, the resources are not well integrated, making
more vessels run with low load, which will inevitably increase the carbon emissions
per passenger-trip and, in turn, increase the total carbon emissions. In other words, the
carbon emissions of Antarctic tourism will not decrease correspondingly as the number of
tourists decreases.

The longer average trip lengths always mean more frequent landing of visitors. From
the tourists’ experience perspective, more landing means a richer travel experience. Never-
theless, from the perspective of Antarctic environment conservation, more landing means
more carbon emissions and greater interference with the Antarctic environment. Therefore,
the appropriate trip length for Antarctic tourism should be a compromise between having
a diversity of tourism services and conservation of the local environment.

4.2.3. Short Planks for the Improvement of Energy Efficiency

When focusing on the changes during the last three tourism seasons, it is not difficult to
find that the decrease in the occupancy rate is the main reason for the increase in emissions
per passenger-trip. During the last three seasons, a change in trip length is not obvious,
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and the ratio of gross tonnage to capacity shows a slight upward trend while the occupancy
rate shows a significant downward trend.

The decrease in the occupancy rate is related to the better expectations of Antarctic tour
operators for the future market. The growing number of Antarctic tourists in these years
brought a huge business opportunity for cruise operators. However, as superabundant
cruise ships are put into service for Antarctic tourism, the increase in supply exceeds the
increase in demand, resulting in resource surplus, energy efficiency reduction and carbon
emissions increase [20].

In the future, it is necessary to establish an access permission mechanism and a price
regulation mechanism for Antarctic shipborne tourism to control the excessive growth in
the number of tour ships [43]. The access permission mechanism should limit the number
of luxury cruise ships with low ratios of gross tonnage to capacity [44]. The price regulation
mechanism should play an important role in limiting tours with a trip length of more than
20 days, and control the rapid growth in the supply of Antarctic cruise ship programs [45].

In fact, some international institutions and organizations have conducted some ex-
plorations into how to control the environmental impact of Antarctic tourism [46]. As an
instance, the International Maritime Organization (IMO) issued a ban in 2011 forbidding
all ships using heavy oil to enter Antarctica. Affected by this ban, cruise ships have to
instead use more expensive light diesel. Rising costs sharply diminished their price ad-
vantage, making the number of Antarctic cruise ships and their carbon emissions continue
to decline [8].

Improving the energy efficiency of cruise ships is also an effective way to reduce
emissions. Clean Cruise Shipping is an alternative solution. It encourages cruise ships
to use cleaner fuels as power sources. Studies have found that using LNG/OPS instead
of diesel can significantly reduce the carbon emissions of cruise ships. [47] In the future,
Antarctic cruise tourism should shift to a greener fuel mix.

5. Conclusions

Antarctic shipborne tourism is expanding at an unprecedented rate. This alarming
situation has a direct impact on Antarctic carbon concentrations as well as an indirect
impact on global climate change. In this research, the carbon emissions of Antarctic cruise
ships were calculated from the 2003/04 season to the 2016/17 season. The trend of total
carbon emissions, carbon emissions per passenger-trip and carbon emissions per passenger-
day for Antarctic traditional vessels and cruise-only ships were analyzed. An aggregate
energy efficiency index was developed to evaluate the energy efficiency performance of
Antarctic tour ships. The Antarctic environment management system and the path of
Antarctic tourism carbon reduction were discussed, combined with analysis of the ratio
of gross tonnage to capacity, passenger loading rates and the trip lengths of Antarctic
tour vessels.

The carbon emissions per passenger-trip of Antarctic shipborne tourism are fluctuating
at a high level and have not shown a downward trend. As a result, the total carbon
emissions appear to continuously increase with the growing number of tourists. The total
carbon emission has doubled during 14 seasons. The emissions per passenger-trip of
Antarctic shipborne tourism fluctuated between 3.2 t and 4.1 t in the 14 tourist seasons.
Not only has there been no downward trend overall, but it has continued to rise in the
last three tourist seasons. Total carbon emissions increased as the number of tourists
increased rapidly.

The aggregate energy efficiency index of Antarctica tour vessels is far from ideal.
Furthermore, there has not been an improvement trend during these 14 seasons. The low
performance on energy efficiency by Antarctic tour vessels is the main reason for the high
carbon emissions per passenger-trip. According to the evaluation results for the aggregate
energy efficiency index of Antarctica tour vessels, the proportion of cruise ships with high
energy-efficiency is very low. As for the variation of the aggregate energy efficiency index,
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the energy efficiency of tour vessels shows no increase tendency during the 14 tourist
seasons, but rather declined in the last three tourist seasons.

The decline of the occupancy rate stemming from the oversupply of Antarctic tour
ships is the main reason for the recent decline in aggregate energy efficiency. In addition,
the number of luxury tour ships and the lengths of the trips have not been effectively
controlled, and they have also boosted the carbon emissions per passenger-trip of Antarctic
shipborne tourism.

The study suggests that Antarctic tourism administrators (such as the Antarctic Treaty
Consultative Meeting, abbr. ATCM) and operating organizations (such as IAATO) should
include the issue of carbon emissions control in Antarctic shipborne tourism on the agenda.
They need to establish and improve management mechanisms as soon as possible to control
the excessive growth of Antarctic tourism projects and avoid the waste of resources and
emissions due to oversupply.

The management and regulation of Antarctic tourism plays an important role in
controlling the carbon emissions of Antarctic cruise ship tourism. The rising carbon
emissions from Antarctic tourism requires ATCM and IAATO to take more efficiency
management and regulation measures. In the future, the management of Antarctic tourism
should pay more attention to the integration of Antarctic tourism resources and limit the
luxury of Antarctic cruise ships. Future research should focus on two aspects. One is to
explore appropriate aggregate control indicators and establish a management system to
reduce per capita carbon emissions in exchange for greater tourist capacity. The other is to
explore the issue of appropriate travel times to meet the basic travel needs, thus avoiding
the high carbon emissions from prolonged travel.
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