- Article -

doi: 10.13679/j.advps.2020.0032

Air pollutants and greenhouse gases emission inventory
for power plants in the Antarctic

Sergey KAKAREKA'

Institute for Nature Management, National Academy of Sciences of Belarus - Laboratory on Transboundary Pollution,
Skoriny 10 Minsk 220076, Belarus

Received on 13 October 2020; accepted on 8 December 2020; published online 31 December 2020

Abstract Emissions of air pollutants and greenhouse gases into the atmosphere in Antarctica from power plants with diesel
generators (the main sources of energy at Antarctic research stations and the main stationary sources of anthropogenic emissions
in the Antarctic) were assessed. A bottom-up approach was used to compile an emission inventory for the Antarctic. This
involved estimating emissions at various spatial levels by sequentially aggregating estimate emissions from point emission
sources. This is the first time this approach has been proposed and used. Emissions of CO,, NO, particulate matter (PM10), and
CO in the modern period were estimated at the research station, geographic region, natural domain, biogeographic region,
continent section, and whole continent scales. Yearly emissions are presented here, but the approach allows emissions at
different averaging periods to be estimated. This means mean or maximum yearly, monthly, daily, or hourly emissions can be
estimated. The estimates could be used to model pollutant transmission and dispersion, assess the impacts of pollutants, and
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develop emission forecasts for various scenarios.
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1 Introduction

Assessing pollutant and greenhouse gas inputs to the
atmosphere is essential when assessing the effects of
pollutants and greenhouse gases on the environment.
Environmental air impacts in a particular area are
determined by level of emissions from local sources and
transboundary transmission. Compiling an emission
inventory is the main way of estimating local emissions.
Emission inventories at levels from a single enterprise (site)
to the global scale are regularly compiled. Examples of
emission inventories include EDGAR (Emission Database
for Global Atmospheric Research), WebDab (the EMEP
emission database), and AMAP/UNEP inventories
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(AMAP/UNEP, 2013, 2018; Crippa et. al., 2019; WebDap,
2020). Antarctica is usually excluded from emission
inventories because of its location, the regulations that
apply and the natures of activities that occur there, and
other features. Only two emission inventories for Antarctica
have been published in more than three decades. One was a
sulfur and heavy metal emission inventory for late 1980s
(Boutron and Wolff, 1989) and the other was a sulfur
emission inventory for 2004-2005 (additionally carbon
monoxide, carbon dioxide, Hg and Pb emissions were also
estimated) (Shirsat and Graf, 2009). Inventories for
aggregated emission source sectors for the whole continent
of Antarctica were presented in these publications. The
inventories indicated that four categories of sources were
the main contributors to pollutant emissions. These were
diesel power plants (and heating systems), land transport,
aviation, and shipping. No systematic data are available for
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emissions at the Antarctic region, oasis, other territorial
division, or station level. Emissions have not been estimated
for multiple consecutive years (like in the EDGAR and
EMEP inventories for example).

In this study, a method for compiling a bottom-up air
pollutant and greenhouse gas emission inventory for
Antarctica was developed and emissions at different spatial
levels in Antarctica were estimated. The study area was the
area south of the latitude 60° S. According to COMNAP
(2017a), there are 76 active permanent or seasonal stations
in the study area. There are also field camps, refuges,
runways, and other sites at which low-power energy sources
are used. These small sites are not considered in this study.

2 Methods and materials

Emissions of pollutants to the air can be assessed using
various methods. Emission factors combined with activity
parameters are traditionally used to compile emission
inventories at different spatial scales — from city to global.
Emission factors are usually expressed in units of pollutant
mass emitted per unit of product mass or energy produced
(e.g., gt”" or g'GI™"). The best known and most accessible
emission factor collections are the US Environmental
Protection Agency AP-42 compilation of air pollutant
emission factors (US EPA, 1995) and the EMEP/EEA
atmospheric emission inventory guidebook (EMEP/EEA,
2019). Emission factors combined with fuel consumption
data, including for diesel generators, have also been used to
estimate pollutant emissions in the Antarctic (Shirsat and
Graf, 2009). However, no overall statistics for the Antarctic
are available, so information on Antarctic activities related
to sources of pollutant emissions are inaccessible.

2.1 Main methodological approaches

Emissions from a diesel generator are primarily controlled
by the diesel generator capacity and load. Most stations in
the Antarctic have two or three diesel generators. One is
usually working, the second is switched on regularly, and
the third is a backup. Some large stations may have more
diesel generators and have two or even three working at any
time, depending on the load. The McMurdo Station has
three diesel generator power plants (one or two of which
will be working at any time) and two diesel generators at a
desalination plant. The Australian stations (Mawson, Davis,
and Casey) have a total of four diesel generators at major
power plants and two additional diesel generators each at
standby stations. The optimal load of a diesel generator is
75% of the capacity. Some diesel generators can work for
long periods at a load of 100% of the capacity or at low
loads of 40%—50% of the capacity, but this leads to wear
and tear and increases emissions per unit output. Each
diesel generator model has a passport that shows the hourly
fuel consumption. This allows the specific fuel consumption
per unit of power produced to be calculated.

Emissions at various time resolutions can be estimated
using information on the numbers and capacities of the
diesel generators installed at the stations and specific
indicators of pollutant and greenhouse gas emissions per
unit of fuel used or power produced.

2.2 Data sources

There is no central repository of data for sources of
pollutants at Antarctic stations or parameters that would
allow emissions to be estimated. Therefore, numerous
publications and documents were inspected to gather
information on the numbers and capacities of diesel
generators installed at Antarctic stations, the volumes and
types of fuel used, and other relevant information. Some of
the information sources used are shown below.

(1) A catalog for stations maintained by COMNAP
(COMNAP, 2017a) and a list of COMNAP Antarctic
facilities (COMNAP, 2017b). The documents contained the
station coordinates, operating statuses, operating periods,
maximum numbers of staff, and some other information.

(2) Data from inspections of Antarctic stations in the
last decade by teams from consultative countries involved
in the Antarctic Treaty framework, available from the
Secretariat of the Antarctic Treaty inspections database
website (Secretariat of the Antarctic Treaty, 2010b, 2010c,
2013, 2015b, 2016a, 2016b, 2016¢c, 2017a, 2017b, 2018,
2019a, 2019b, 2019c). These reports contain data on the
numbers, types, and capacities of diesel generators at the
inspected stations when the inspections were performed.
Sometimes the volumes of fuel used per season and diesel
generator work loads are included. Unfortunately, some
stations were visited rarely.

(3) Environmental impact assessment reports made
available through the Secretariat of the Antarctic Treaty EIA
database (Secretariat of the Antarctic Treaty, 2004a, 2004b,
2005, 2010a, 2012, 2015a, 2019a, 2020). The reports
contain data on the projected capacities of some stations for
which comprehensive environmental evaluations of the
construction processes were performed according to the
environmental protection protocol in the Antarctic Treaty.
The stations for which data are available include Troll,
Neumayer III, Jang Bogo, Bharati, Johann Gregor Mendel,
and Mount Vechernyaya.

(4) Reports published by the parties to the Antarctic
Treaty as required in Article VII of the Antarctic Treaty,
which are made available through the Secretariat of the
Antarctic Treaty electronic information exchange system
(Secretariat of the Antarctic Treaty, 2020).

(5) Data acquired as part of national Antarctic
programs (National Science Foundation, 1991, 2020;
Antarctica New Zealand, 2020; Australian Antarctic
Division, 2020; Russian Antarctic Expedition, 2020).

(6) Scientific and other publications (Savatyugin, 2001;
Peycer¢, 2007; Savatyugin and Preobrajenskaya, 2009).
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2.3 Information used to calculate emissions

Emission calculations were performed using six types of
information. (1) The total numbers of diesel generators and
the generator power outputs for different time periods at the
different stations. (2) The number of simultaneously
operating diesel generators. (3) The mean and maximum
power consumption and variations in power consumption
during each season. (4) Maximum staff numbers at the
stations. (5) The types and characteristics of the fuels used.
(6) CO,, NO,, PM10, and CO emission factors.

Information on diesel generators installed at
61 stations, including almost all of the stations occupied
year-round, was collected. For stations with no energy
source information, the capacities of the diesel generators
were estimated by extrapolating from data for other stations
with similar staff numbers and in similar locations.

Fuel consumption was calculated for 43 permanent
(year-round operating) and 28 seasonal stations (i.e., for
71 stations in total). Estimates of hourly (I/h) fuel
consumption and seasonal or annual fuel consumption (in
thousands of liters per year) for each station were used. The
duration of use for each diesel generator was determined
using data available from the COMNAP Antarctic Facilities
Master 3.1.0 (COMNAP, 2017b). It was assumed that
year-round operating stations operated for 8760 h each year,
that seasonal stations in East Antarctica operated for three
months of the year (December—February, 2160 h), and that
secasonal stations in West Antarctica operated for up to
6 months of the year (October—March, 4368 h).

If data for diesel generators were not available (which
was mainly the case for small and seasonal stations), fuel
consumption was calculated from the mean hourly
consumption per member of staff based on data from stations
owned by the same country or similar stations owned by
other countries.

2.4 Emission estimates

Emissions from stations were estimated using emission
factors per unit of fuel used and fuel consumption per unit of
diesel generator capacity. Emissions from a diesel set at a
station were estimated using the equation

P=%V,xT,xF, €]
where P; is the amount of the substance i emitted (in kg), 7,
is the specific fuel consumption of installation m (kg-h™), T,,
is the operating time of installation m (h), and F; is the
specific emission of substance i caused by burning fuel
(kgkg ).

Hourly and annual emissions were calculated using
equation (1). Emissions per second may be calculated by
dividing the hourly emissions value by the number of
seconds in an hour.

Many factors affect fuel consumption. These include
diesel serviceability and quality, type of diesel fuel used and
fuel quality, ambient temperature, and altitude. However, it is
difficult to take all of these factors into account. As
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suggested in technical documents (Caterpillar, 2019; Kruger
Power, 2019; Generator Source, 2020), the mean fuel
consumption by mass per unit of energy produced was
assumed to be 200 gkW “h™' and the fuel density was
assumed to be 0.84 kg-L™', and therefore fuel consumption
by volume was assumed to be 0.238 L-kW "“h™".

The main parameter taken into account when
calculating the fuel consumption was the fuel density. The
Worldwide Winter Diesel Fuel Quality Survey 2016
(Infineum, 2016) and fuel quality data from national
environmental protection agencies were used to assess the
density of fuel used at each station.

2.5 Emission factors

Pollutant inventory guidelines in the US Environmental
Protection Agency AP-42 (1995) compilation and
EMEP/EEA Atmospheric Emission Inventory Guidebook
(EMEP/EEA, 2019) were used. National air emission
inventory guidelines (GOST 56163-2014) were also used.
Possible errors in the emission factors were evened out by
using the means of the emission factors from the US
Environmental  Protection Agency AP-42  (1995)
compilation and the EMEP/EEA 2019 guidebook. This was
not the case for CO, because the EMEP/EEA 2019
guidebook does not contain a CO, emission factor, so the US
Environmental Protection Agency AP-42 values were used.
The emission factors were CO, of 3032.36 g'kgfl fuel; NO,
of 61.025 gkg™ fuel; PMI10 of 3.345 g'kg™' fuel; CO of
11.58 g'kg ' fuel.

Estimated annual emissions aggregated by station,
Antarctic region, natural domain, biogeographic region, and
the whole Antarctic continent are presented. It was assumed
that the estimates described the mean situation for the
Antarctic for the last 5-10 years.

3 Results

3.1 Installed diesel generator capacity and fuel
consumption

The estimated total installed diesel generator capacity in the
Antarctic is 36400 kW, the average load is estimated as
10510 kW. Mean annual fuel consumption is 18940 t. The
most powerful units (three each at 1500 kW and one at
1300 kW) are at the main power plant at McMurdo station
(Secretariat of the Antarctic Treaty, 2019a). Three primary
diesel generator units, each with a capacity of 750 kW, are
installed at the Amundsen—Scott South Pole Station
(Secretariat of the Antarctic Treaty, 2010b, 2010c). Several
stations have diesel generator sets with capacities of
200-400 kW. Units with capacities up to 150 kW are the
most common. About 20% of stations have diesel
generators with capacities of <20 kW and 30% have diesel
generators with capacities of 20-100 kW. The Antarctic
Princess Elizabeth Station uses alternative energy sources
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with diesel generators used as reserve sources of energy,
and the Scott Base uses wind turbines to provide a
substantial proportion of the energy used. The alternative
sources of energy at these stations were taken into account.

3.2 Emissions
3.2.1 Emissions in different parts of Antarctica

Estimated annual emissions from diesel power plants in
Antarctica were 57102.4 t of CO,, 1149.2 t of NO,, 63.0 t of

PM10, and 218.1 t of CO. East Antarctica was found to
contribute 41.3% and West Antarctica 58.7% of all CO, and
air pollutant emissions in Antarctica.

3.2.2 Emissions from different stations

The stations were divided, by emission volumes, into seven
groups (Table 1). The first group contained one station,
McMurdo, that emits larger amounts of pollutants (>5x10° t
of CO,, >50 t of NOy, >20 t of CO, >5 t of PM10) than the
other stations.

Table 1 Grouping of Antarctic stations by estimated annual greenhouse gas and air pollutant emissions from diesel generators

Group Station CO»/t NO,/t CO/t PM10/t

1 McMurdo >5000 >100 >20 >5
Amundsen-Scott South Pole, Marambio, Comandante Ferraz, President

2 Eduardo Frei Antartctic Base 2000-5000 40-100 820 3
Mirny, Jang Bogo, King Sejong, Casey, Davis, Mawson, O’Higgins, SANAE g g N B

3 IV, Syowa, Troll, Bharati, Carlini, Novolazarevskaya, Rothera 1000-2000 20-40 48 1-2
Scott Base, Neumayer III, Palmer, Zhongshan, Maitri, Great Wall, Mario

4 Zucchelli, Bellingshausen, Halley VI, Henryk Arctowski, Concordia, 500-1000 10-20 24 0.5-1
Antarctic Receiving Station (GARS), Dumont d’Urville, Vostok
Artigas, Akademik Vernadsky, Progress, Orcadas, Signy, Professor Julio

> Escudero, Arturo Prat Antarctic Naval Base 200-500 5-10 1-2 0.2-0.5
Belgrano II, San Martin, Kunlun, Princess Elizabeth Antarctica*, Esperanza,

6 Molodezhnaya, Gabriel de Castilla, Matienzo, Camara, Gabriel Gonzalez 100-200 2-5 0.4-1 0.1-0.2
Videla
Petrel, Yelcho, Deception, Machu Picchu, Aboa, Kohnen, Juan Carlos I,
Johann Gregor Mendel, Gondwana, Robert Guillard

7 SANAP Summer Station, Primavera, Mount Vechernyaya, Law-Racovita, <100 <2 <0.4 <0.1

Pedro Vicente Maldonado, Ruperto Elichiribehety, Oasis, Dr. Guillermo

Mann, Brown, Risopatrén

Note: *, In backup mode of power supply.

The second group contained four stations (Amundsen—
Scott, Marambio, Comandante Ferraz, and President
Eduardo Frei Antarctic Base) that emit 2000-5000 t of CO,,
40-100 t of NOy, 8-20 t of CO, and 2-5 t of PMI10
annually.

The third group contained 14 stations that
emit1000-2000 t of CO,, 20—40 t of NO,, 4-20 t of CO,
and 1-2 t of PM10 annually. The fourth group contained
14 stations that emit 500—-1000 t of CO,, 10-20 t of NO,,
2-4 t of CO, and 0.5-1 t of PM10 annually. The fifth and
sixth groups contained 7 and 10 stations, respectively. The
seventh group contained 21 stations that are small, mostly
only operate in summer, and emit <100 t of CO,, <1 t of
NO,, <0.1 t of PM10, and <0.4 t of CO annually.

McMurdo station was found to contribute 24.7% (more
than any other station) of total emissions in Antarctica. A
total of 20 stations emit >1000 t of CO,, >4 t of CO, >20 t
of NO,, and >1 t of PM10 each year, and these stations
together contribute 77% of total emissions (Figure 1).

Annual emissions per person for the 43 permanent
stations were calculated using the maximum numbers of
station staff taken from the COMNAP Antarctic stations
catalog (COMNAP, 2017a). Overall mean annual emissions
per person were found to be 15.47 t of CO,, 311.3 kg of
NOy, 59.1 kg of CO, and 17.1 kg of PM10. The minimum

and maximum emissions were an order of magnitude
different  (4.9-55.3 t~person_1 for CO,, 98.7—
1111.9 kg-person ' for NO,, 18.7-211 kg-person ' for CO,
and 5.4-61 kg-person ' for PM10). Emissions were within
the ranges 8.9-17.7 tperson ' for CO, 178.2—
356.4 kg-person ' for NO,, 33.8-66.7 kg-person ' for CO,
and 9.8-19.5 kgperson ' for PMI10 for 50% of the
permanent stations.

3.2.3 Emissions by geographic region

Emissions in different geographic regions of Antarctica
were calculated by allocating the stations to geographic
regions as described in the COMNAP stations catalog
(COMNAP, 2017). The estimates indicated that emissions
are unevenly distributed across the regions. Antarctica was
divided into 24 natural regions, and the highest emissions
were found for South Victoria Land, continental Antarctica,
and King George Island, which together accounted for
69.4% of total emissions in Antarctica (Figure 2).

3.2.4 Emissions in different Antarctic conservation
biogeographic regions

Emissions were calculated for Antarctic conservation
biogeographic regions as they were defined by Terauds and
Lee (2016). Each station was allocated to a region, and
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Figure 1 Greenhouse gas and air pollutant emissions (a, CO,; b, NOy; ¢, CO; d, PM10) at the stations in Antarctica.
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Figure 2 Proportions of total greenhouse gas and air pollutant emissions in Antarctica attributed to different geographic regions.

emissions from stations within each region were then Peninsula), 6 (Dronning Maud Land), 7 (East Antarctica),
calculated. The estimated annual emissions in each region and 9 (South Victoria Land) accounted for 77.6% of total air
and estimated emission densities are shown in Table 2. pollutant and greenhouse gas emissions for Antarctica. The

Biogeographic regions 3 (northwest Antarctic highest annual emission densities were found for the South
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Table 2 Greenhouse gas and air pollutant emissions in different Antarctic conservation biogeographic regions (defined by Terauds and

Lee (2016))
Co, NO, co PMI0 Co, NO, co PM10
Region No. Region
Unit: ta”' Unit: kg-km 22!
1 North-east Antarctic 3066.91 61.72 11.71 338 252421 50.80 9.64 278
Peninsula
2 South Orkney Tslands 636.65 12.81 243 0.70 19168.18 385.75 73.20 21.14
3 North-west Antarctic 13528.93 27226 51.66 14.92 591.72 11.91 226 0.65
Peninsula
4 Central south Antarctic 1248.48 25.13 477 138 618.08 12.44 236 0.68
Peninsula
5 Enderby Land 160.27 323 0.61 0.18 1401.70 2821 535 155
6 Dronning Maud Land 6288.60 12656 24.01 6.94 55530 11.18 212 0.61
7 Fast Antarctica 9575.34 19270 36.57 10.56 2765.47 55.65 10.56 3.05
8 North Victoria Land 215431 4335 8.23 238 325.19 6.54 1.24 0.36
9 South Victoria Land 15066.54 30321 57.54 16.62 305.53 6.15 1.17 0.34
10 Adelie Land 565.23 1138 2.16 0.62 17229.83 346.74 65.80 19.01

Orkney Islands (19168.2 kg-km 2 of CO,, 385.8 kg-km 2of
NO,, 21.1 kg'km ? of PM10 and 73.2 kg'km ? of CO). The
second highest emission densities were found for Adelie
Land (17229.8 kgkm? of CO,, 346.7 kg'km? of NO,,
19.0 kg'km * of PM10 and 65.8 kg-km ™ of CO). The lowest
emission densities were found for South Victoria Land and
North Victoria Land (305.5-325.2 kg-kmf2 of CO,,
6.15-6.54 kg'km* of NO,, 0.34-0.36 kg-km > of PM10 and

1.17-1.24 kg'km 2 of CO).
3.2.5 Emissions in different natural domains

The stations were allocated to the natural domains of
Antarctica using the scheme described by Morgan et al.
(2007). Estimated emissions in natural domains A, D, G, Q,
and S accounted for 80.7% of total emissions, as shown in
Table 3.

Table 3 Greenhouse gas and air pollutant emissions in different natural domains in Antarctica (defined by Morgan et al. (2007))

Natural domain No. Natural domain CO,/t NO,/t CO/t PM10/t

A Antarctic Peninsula northern geologic 4947.6 99.6 18.9 5.5
B Antarctic Peninsula mid-northern latitudes geologic 185.9 37 0.7 0.2
D East Antarctic coastal geologic 10134.1 203.9 38.7 11.2
E gglt(ailsrc;;fi Pg?:irils;xsla, Alexander and other islands main ice 1859 4 374 71 21
G Antarctic Peninsula offshore islands 10851.3 218.4 414 12.0
I East Antarctic ice shelves 1620.4 32.6 6.2 1.8
K Northern latitude ice shelves 50.1 1.0 0.2 0.1
L Continental coastal-zone ice sheet 565.2 11.4 22 0.6
N East Antarctic inland ice sheet 1506.0 30.3 5.8 1.7
Q West Antarctic Ice Sheet 5100.2 102.6 19.5 5.6
S McMurdo—South Victoria Land geologic 15066.5 303.2 57.5 16.6
T Inland continental geologic 2424.7 48.8 9.3 2.7
8] North Victoria Land geologic 21543 434 8.2 24
Nd Not determined 636.7 12.8 2.4 0.7
Total 57102.4 1149.2 218.1 63.0

3.2.6 Intra-annual variations in emissions

Stations that operate year-round were found to account for
~95% of total emissions in Antarctica, and seasonal stations
were found to account for only ~5% of total emissions. This
could indicate that fuel consumption is relatively constant
throughout the year. More precise assessments of temporal

variations in emissions are planned to be performed.

4 Discussion

The fuel consumption and emissions were estimated using
the little available data for stations in Antarctica.
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Data available from the Australian Antarctic program
(Australian Government Department of Agriculture, Water
and the Environment, 2016) indicate that generators and
boilers at the four Australian Antarctic stations used between
1.7071x10° and 1.841x10° L of fuel between 2013 and 2015.
The estimated annual fuel consumption of diesel generators
at three Australian Antarctic stations (excluding the small
station on Macquarie Island and the boilers at all of the
stations) was 1.6425x10° L. The Australian Antarctic
program annual CO, emission data (Australian Government,
2016) indicate that annual CO, emissions from the four
Australian Antarctic stations were 5237 t between 2014 and
2015. Our estimate of annual CO, emissions for three
Australian Antarctic stations (excluding emissions from
boilers and vehicles and from Macquarie Station) was
3984.5 t.

The US National Science Foundation (1991) has
indicated that annual fuel consumption (for generators and
diesel-fueled vehicles) at McMurdo Station between 1989
and 1990 was 5677500 L and that NO, and PM10 emissions
at McMurdo Station between 1989 and 1990 were 317.5
and 22.7 t, respectively. Our estimates of annual fuel
consumption, NO, emissions, and PMI10 emissions at
McMurdo Station were ~5841000 L, 285.1 t, and 15.6 t,
respectively.

Annual fuel consumption (by generators and
diesel-fueled vehicles) at the Amundsen—Scott station at the
South Pole between 1989 and 1990 was 567750 L, and NO,
and PM10 emissions were 31.7 and 2.27 t, respectively. Our
estimate of annual fuel consumption for the
Amundsen—Scott station at the South Pole was ~1643000 L,
and our estimates of NO, and PM10 emissions were 80.2
and 4.4 t, respectively. The differences would have been
caused by the 280 kW diesel generators (each of which
would have had an actual capacity of 232 kW because of
the high altitude) being replaced with generators each with
a capacity of 1015 kW at sea level (750 kW at the station
altitude).

Boutron and Wolf (1989) found that 23x10° L of diesel
was consumed on land in Antarctica. This was very similar
to our estimate. Diesel fuel combustion data acquired by
Shirsat and Graf (2009) for 2004-2005 was not shown in
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their paper.

Few greenhouse gas and pollutant emission inventories
for the whole or most of Antarctica have been compiled: As
shown in Chapter 1, Boutron and Wolff (1989) estimated
SO, and heavy metal emissions, Shirsat and Graf (2009)
estimated SO,, CO,, and CO emissions.

Shirsat and Graf (2009) found CO, emissions
during energy production and transport of 11000 t,
which is less than a fifth of our estimate (57102.4 t).
Shirsat and Graf (2009) found CO emissions during
energy production and transport of 24 t, which is an
eighth of our estimate.

Greenhouse gas and pollutant emissions from power
plants in Antarctica are comparable to greenhouse gas and
pollutant emissions for shipping and aviation. Shirsat and
Graf (2009) found CO, and CO emissions of 130000 and
1119 t, respectively, for shipping and 66900 and 855 t,
respectively, for aviation. Farreny et al. (2011), found total
CO, emissions for the ship parts of Antarctic cruises (for the
20082009 season) of 141325 t, which equated to
3.87 t-passenger ' or 0.35 t-passenger -d .

Importantly, most power plants in Antarctica operate
year-round, unlike shipping and aviation, which occur only
in the warm season. Emissions from diesel generators occur
at particular sites and only to the surface layer of air, unlike
emissions from ships and aircraft. Kakareka and
Salivonchyk (2020) found that under certain atmospheric
conditions diesel generators at Antarctic stations can cause
surface concentrations of NO, to exceed the relevant
standards.

The estimated CO, emission data were compared with
estimates of emissions for countries adjacent to Antarctica
(Argentina, Australia, Chile, New Zealand, and South Africa)
using data from the EDGAR v5.0 global greenhouse gas
emission database for 2015 (Crippa et al., 2019) and CO,
NOx, and PMI10 emission estimates from the global
emissions EDGAR v4.3.1 database (Crippa et al., 2016;
EDGAR, 2016). Emissions in Antarctica and the
surrounding countries are shown in Table 4. CO,, NO,, CO,
and PM10 emissions from diesel generators in Antarctica
were 0.004%, 0.03%, 0.001%, and 0.004%, respectively, of
emissions in the adjacent countries.

Table 4 Greenhouse gas and pollutant emissions in countries adjacent to Antarctica according to EDGAR (2016, 2019)

Country/region CO,"/(x10° t) NO,/(x107 t) CO™/(x10° t) PM107/(x10° t)
Argentina 211997.89 730.4641 6867.528 403.3141
Chile 84572.71 359.7396 2249.453 242.0315
South Africa 477513.61 1343.029 5551.476 808.4047
Australia 401950.10 1245.971 2885.52 293.1366
New Zealand 35846.09 113.732 244.6392 19.81671
Total for 5 countries 1211880.40 3792.936 17798.62 1766.704

Notes: , EDGAR v5.0 global greenhouse gas emissions for 2015; **, Global Emissions EDGAR v4.3.1 (for 2010).
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5 Limitations

Uncertainty in the emission assessment results had three
sources. (1) Incomplete and inaccurate data for the diesel
generators installed at the stations. (2) Inaccurate
assessment of generator loads throughout the year. (3)
Uncertainties in the emission factors, which will be
different for different diesel generator models and will vary
depending on the generator age, load, fuel quality, and other
factors.

The total uncertainty of each emission estimate is the

sum of the uncertainties of the factors affecting the emission.

It was not easier to qualitatively assess the uncertainties in
the emission estimates than to calculate the emission
estimates themselves, so the uncertainties are discussed here
only briefly. Some factors were rather simple (e.g., the
station operating period each year), but some were very
complicated (e.g., emission factors, which describe
relationships between the amount of fuel combusted and
amounts of pollutants emitted). Thus, the Belarusian
seasonal Antarctic station at Mount Vechernyaya in Enderby
Land operated for between 49 and 114 d each year for the
last 5 a, so the maximum to minimum annual emission ratio
caused by differences in operating period would have been
2.3. Other sources of uncertainty included the diesel
generator operating periods and work loads and the
numbers of operating diesel generators. At some stations,
diesel generators are switched on in summer only at
weekends, for fuel economy, but it is not clear how
common this situation is. Two diesel generators are
operated at large stations when the loads are high, meaning
that fuel consumption and pollutant emissions are twice as
high as at other times. Pollutant emission estimates were
produced taking these factors into account as much as
possible. A third source of uncertainty — lack of direct
measurements of emissions from diesel generators in
Antarctica, make probably the largest contribution to the
overall uncertainty in the emission estimates for the
continent on the whole.

The overall level of uncertainty in the emission
estimates was highest at the station level, decreased moving
to the regional level, and decreased further moving to the
continental level.

6 Conclusions

For the first time, a detailed assessment of greenhouse gas
and pollutant emissions from diesel power plants in the
Antarctic was performed using a bottom-up approach using
parameters for the plants used (primarily the power
parameter). CO,, NO, CO, and PM10 emissions were
estimated for the scientific stations, natural domains,
biogeographic regions, subcontinental regions, and the
whole continent. Total mean annual CO,, NO,, CO, and

PM10 emissions were found to be 57102.4, 1149.2, 218.1,
and 63.0 t, respectively. When all of the diesel generators
are working, hourly and daily emissions could exceed mean
emissions by a factor of about three.

Geographic differences in emissions were identified.
The approach allowed a wide range of emission estimates to
be acquired for subsequent use modeling the transport and
dispersion of pollutants and developing measures and
strategies to decrease emissions.

There should be four main objectives of future
research. (1) Estimate emissions of other pollutants (SO,,
heavy metals, and persistent organic pollutants).
(2) Account for other stationary sources (e.g., boilers,
heaters, and incinerators). (3) Assess the long-term emission
dynamics in areas of Antarctica and the whole of Antarctica
for 1990, 2000, 2010, and 2015 and identify trends caused
by changes in fuel consumption, fuel characteristics, and
diesel engine condition. (4) Assess the possible effects of
emissions on ecosystems (ships and aircraft generally
produce more emissions than diesel generators but do not
emit in only one area like diesel generators).
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