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Abstract. The Arctic sea-ice is retreating faster than pre- 1 Introduction

dicted by climate models and could become ice free during

summer this century. The reduced sea-ice extent may effecthe Arctic is now experiencing some of the most rapid cli-
tively “unlock” the Arctic Ocean to increased human activ- mate changes on earth. After 2000 years of Arctic cooling,
ities such as transit shipping and expanded oil and gas prathe trend was reversed in the 20th century (Kaufman et al.,
duction. Travel time between Europe and the north Pacific2009) with temperatures now rising at approximately twice
Region can be reduced by up to 50 % with low sea-ice lev-the rate of the rest of the world with an acceleration of these
els and the use of this route could increase substantially afénds projected in the coming century (ACIA, 2005; IPCC,
the sea-ice retreats. Oil and gas activities already occur i?007a). Melting glaciers, reductions in extent and thickness
the Arctic region and given the large undiscovered petroleunpf sea-ice, thawing permafrost and rising sea level are indica-
resources increased activity could be expected with reducetions of a recent warming in the region (Serreze et al., 2007).
sea-ice. We use a bottom-up shipping model and a detailefPbservations over the past 50 years show a decline in Arc-
global energy market model to construct emission invento-tic sea-ice extent throughout the year, with the most promi-
ries of Arctic shipping and petroleum activities in 2030 and nent retreat in summer (Serreze et al., 2007). Some analysts
2050 given estimated sea-ice extents. The emission inverpave suggested that the Arctic may be ice free in September
tories are on a % 1 degree grid and cover both short-lived as early as 2030 (Wang and Overland, 2009), though others
components (S§ NOy, CO, NMVOC, BC, OC) and the suggested 2066-2085 (Bet al., 2009). The melting of Arc-
long-lived greenhouse gases (§@Ha, N2O). We find rapid  tic sea-ice will effectively unlock the Arctic Ocean, leaving
growth in transit shipping due to increased profitability with it increasingly open to human activity — particularly oil and
the shorter transit times compensating for increased costs ifas extraction and shipping.

traversing areas of sea-ice. Oil and gas production remains The potential increase in Arctic activities and emissions
relatively stable leading to reduced emissions from emissiorWill not only have an impact on the global climate, but may
factor improvements. The location of oil and gas productionalso impact on regional temperature trends. Several studies
moves into locations requiring more ship transport relative tohave shown that the forcing and temperature response can
pipeline transport, leading to rapid emissions growth from oil b€ dependent on the location of emissions (e.g., Berntsen et
and gas transport via ship. Our emission inventories for thedl., 2006; Shindell and Faluvegi, 2009; Hansen et al., 2005),
Arctic region will be used as input into chemical transport, but the sensitivity of the Arctic to regional emissions is not
radiative transfer, and climate models to quantify the role ofwell known. Short-lived components are found to be rel-
Arctic activities in climate change compared to similar emis- atively important for the Arctic and could explain some of
sions occurring outside of the Arctic region. the recent warming compared to the global average (Quinn
et al., 2008; Shindell and Faluvegi, 2009; Hansen et al.,
2005). Both emissions occurring within the Arctic and those
transported from outside the Arctic are found to be impor-
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Arctic (Shindell and Faluvegi, 2009). Mechanisms such asstructed detailed inventories of all Arctic shipping activities,
black carbon deposition on snow or ice could also increasencluding transits of the NSR, NWP and other polar routes
local warming trends through a decrease in the snow and icevith reduced sea-ice extent. Transits were estimated using a
albedo (ACIA, 2005; Hansen and Nazarenko, 2004; Flannefixed percentage diversion of global traffic (1-5 %) and were
et al., 2007; Rypdal et al., 2009). To facilitate future climate found to be 2—4 times greater than Paxian et al. (2010) and
impact assessments of activities in the Arctic it is necessargimilar to Granier et al. (2006) (Corbett et al., 2010). In
to produce specific emission inventories for the Arctic re-terms of polar transits these studies, however, do not explic-
gion. itly model ship performance and economic costs of shipping
Increased melting of the Arctic sea-ice may also open newn Arctic conditions.
possibilities for shipping routes and extended use of exist- While the potential for future shipping in the Arctic has
ing routes (Paxian et al., 2010; Corbett et al., 2010; Khonbeen studied, there has been relatively little attention given
et al.,, 2010). The seaborne cargo along the Northern Seto future Arctic oil and gas production. With the expected
Route (NSR) has previously been very limited (Paxian etincrease in global demand for oil and gas, and decreased in
al., 2010; PAME, 2009) and the reported ship emissions lowproduction in certain areas (IEA, 2008), there may be en-
(Paxian et al., 2010; Corbett and Koehler, 2003; Endreseranced pressure to expand oil and gas activities in the Arc-
et al., 2003; Dalsgren et al., 2009). Recent trends indicat¢ic. Furthermore, it is reported that over one-fifth of the
longer seasons with less sea-ice cover and reduced thickworld’s total undiscovered petroleum resources lies north of
ness (Serreze et al., 2007; 8et al., 2009), implying im-  the Arctic Circle (Gautier et al., 2009). While production in
proved ship accessibility around the margins of the Arctic some Arctic oil and gas fields has declined, other discover-
Basin. Climate models project an acceleration of this trendies have been made (AMAP, 2010). The Russian Shtokman
and opening of new shipping routes and extension of the pefield in the Barents shelf, one of the world’s biggest known
riod during which shipping is feasible (ACIA, 2005; B&t  offshore gas fields, is currently being considered for devel-
al., 2009). One set of projections estimate that the navigatiompment. Despite the potential of the Arctic for future oil and
season (defined as 25 % open water and 75 % sea-ice covegas production (Gautier et al., 2009), it is not clear that pro-
for the NSR may increase from the current 70 days per yearduction will increase due to high costs and difficult condi-
to 125 days mid-century, and over 160 days in 2100 (ACIA, tions even with reduced sea-ice (Wood Mackenzie and Fugro
2005, Chapter 16). Ships with ice-breaking capability mayRobertson, 2006). Most potential currently remains onshore
extend the navigation season even further. Travel time alongWood Mackenzie and Fugro Robertson, 2006). Together
the NSR between Europe and the north Pacific Region can bwith technology improvements, however, decreased sea-ice
reduced by up to 50 %, compared to current sea routes givextent may increase access allowing further exploration and
ing large potential transport cost savings (Khon et al., 2010;eventual extraction of oil and gas in the Arctic Ocean.
FNI, 2000). However, the extent to which the NSR is used A basis for this paper is that decreased sea-ice in the future
will depend on a trade-off between reduced travel time andArctic Region will “unlock” the Arctic Ocean to expanded
the increased costs and risks of shipping in Arctic conditions.activities. We develop emission inventories for petroleum
Recent studies have indicated a large increase in Arcti@nd shipping activities in the Arctic for the present (2004)
shipping (Paxian et al., 2010; Corbett et al., 2010; Khon etand scenarios for 2030 and 2050. We use a bottom-up en-
al., 2010; Granier et al., 2006). Granier et al. (2006) took agineering model of ship performance in ice conditions to es-
scenario from an earlier study (Eyring et al., 2005a) and astimate the shipping inventory for transit shipping across the
sumed either 12.5% or 25 % of the emissions were shiftedArctic Ocean. We consider direct routes across the Arctic
to the Arctic in 2050 and found that in the summer monthsOcean in addition to the Northern Sea Route. The use of
surface ozone concentrations in the Arctic could increase byhe North West Passage (NWP) is not considered because
a factor of 2-3. Khon et al. (2010) found that models pre-channels suited for large ships are likely to continue to have
dict that at the end of this century there will be free passagdifficult ice conditions for many years ahead (Wilson et al.,
of the NSR for 3-6 months of the year and the North West2004). For oil and gas production, we use a global model to
Passage (NWP) for 2—4 months. This may make the NSRestimate future activities in the Arctic. A separate inventory
up to 15 % more profitable than the Suez Canal route (Khorestimates the shipping emissions associated with the oil and
et al., 2010), but they did not estimate future ship traffic in gas production. As the inventories will be input into chemical
the Arctic. Paxian et al. (2010) estimated present-day andransport, radiative forcing, and climate models, they will be
future emission inventories that included polar routes. Thedetermined on a & 1 degree grid and cover both short-lived
ship traffic along the polar routes was estimated using arpollutants and ozone pre-cursors (@O, CO, NMVOC,
algorithm that estimated the shortest distance between twC, OC) and the long-lived greenhouse gasesQCTHj,,
ports without included ship performance or cost considera-N,O).
tions. They estimated fuel consumption along the NSR and The paper is structured as follows: first, we describe the
NWP to increase by a factor of 9 and 13, respectively, fromcurrent activities in the Arctic region with some indications
2006 to 2050 (Paxian et al., 2010). Corbett et al. (2010) con-of how they have changed in the past. Second, we describe
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the current and possible future sea-ice extents which maketegend - o
the basis for the activity levels in 2030 and 2050. Third, the __ [ roues consderad in e sudy

—— Northern sea route and Northwest passage

majority of the paper will focus on the development of the ac- ~ AmAP boundary used in this stuay

. . . . . . = Qriginal AMAP boundar
tivity levels for the predicted sea-ice extent and the emission e crce ’
levels based on those activities. The paper will close with a

discussion of the results and implications for modelling.

2 Current Arctic activities
2.1 Defining the Arctic region

The Arctic region has a variety of physical, geographical, and
ecological characteristics which may lead to different defini-
tions of the Arctic region. Definitions could extend to the
approximate southern boundary of the midnight sun (Arc-
tic Circle, 6632 N), climate boundaries such as the area
north of a given constant mean temperature (isotherm), ma-
rine boundaries representing the convergence of different wa-
ter masses, vegetation boundaries such as the tree line @ig. 1. The Arctic Monitoring and Assessment Programme
transition between tundra and boreal forest, and political anqAMAP) boundary used in this study compared to the official
administrative considerations. In this article we take an ex-AMAP boundary. For the oil and gas modelling, the AMAP area
tended version of the definition used by the Arctic Monitor- is further split into regions: Arctic Canada, Alaska, East and West
ing and Assessment Programme that includes the entire ad?ussia, Arctic Norway (not including Finland or Sweden), and
ministrative units where a territory is overlapping with the Greenland.

AMAP definition (AMAP, 1998; Glomsrgd and Aslaksen,

2009), see Fig. 1. Our focus is on the Arctic Ocean, but we

use a broader definition of the Arctic region to fully capture Pase year and concluded that shipping activity was domi-
oil and gas activities that may occur onshore (Wood Macken-nated by community re-supply, fishing and tourism. Com-
zie and Fugro Robertson, 2006), but potentially require ship/nunity re-supply is taking place along the NSR and NWP.

Kilometers
0

rrir— 1 1
0 1000 2000 3000 400

ping in the Arctic Ocean. Excluding ship traffic along the coast of Norway and around
Iceland, the bulk cargo is dominated by export from a few
2.2 Current oil and gas activities large mining operations in Alaska (zinc) and Russia (mainly

nickel but also other minerals). Fishing mainly takes place in

Oil and gas activities began in the Arctic region around 1950the ice-free waters around Iceland and in the Bering, Barents
(AMAP, 2010; IHS Incorporated, 2009). There was rapid @hd Norwegian Seas, and tourism has its greatest intensity
growth in oil and gas production until the collapse of the for- @long the coasts of Northern Norway, Southwest Greenland
mer Soviet Union in the early 1990s. Oil and gas productionand Svalbard (PAME, 2009). Transport of oil and gas by
dropped to 80 % of peak levels by the mid-1990s and producShipS from the Arctic is limited and most of it takes place on
tion has now returned to 1990 |eve|s (F|gs 2 and 3) Fromthe EUraSian Side. Commel’Cial tl’anSit traffiC, except tourism,
1990-2004, Arctic oil production was dominated by West has taken place only along the NSR, which was opened to
Russia (79 %) followed by Alaska (18 %), Norway (3 %), and foreign ships in 1991 but after 1993 the traffic has been in
small amounts in the other regions. Gas production was als§teady decline. However, 2009 and 2010 saw renewed in-
dominated by West Russia (96 %) followed by Alaska (3 %) terest from Western companies to transit the NSR, reducing
and small amounts from the other regions. Alaska, particuthe journey between Ulsan (Korea) and Rotterdam by 4000
larly Prudhoe Bay, extracts large quantities of gas which areautical miles (7400 km).
later reinjected as it is too costly to get to market. Around The estimate of 2004 shipping emissions in the Arctic was
one-half of cumulative Arctic production is oil (51 %), with based on Dalsgren et al. (2009). Dalsgren et al. used an ac-
large regional differences: Canada (59 % oil), Alaska (87 %),tivity based approach to model global fuel consumption and
East Russia (9 %), West Russia (46 %), and Norway (84 %).emissions from all ships above 100 gross tonnes (GT), find-
ing a total fuel consumption of 217 million tonnes (Mt) in
2.3 Current shipping activities 2004. The modelled fuel consumption and corresponding
atmospheric emissions were distributed geographically on a
An extensive study of present ship activity in the Arctic was 1 x 1 degree grid according to the relative number of ship ob-
undertaken by PAME (2009). The study used 2004 as theservations in each cell. The ship observation data set used is a
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Fig. 2. Historic and estimated oil production in the Arctic with an Fig. 3. Historic and estimated gas production in the Arctic.
oil price of $80/boe (by region) and compared to a low ($80/boe)
and high ($80/boe) oil price.
— Transit shipping is based on an engineering model of

ship performance and a cost-benefit analysis to compare

combination of the Comprehensive Ocean-Atmosphere Data i
alternative transport routes

Set (COADS) and the Automated Mutual Assistance Vessel
Rescue System (AMVER) data with a total of 1 990 000 ship
observations globally. COADS and AMVER data has been
used separately by several studies to illustrate global traffic
and emissions distributions (e.g., Corbett et al., 1999; En-
dresen et al., 2003; Eyring et al., 2005b; Beirle et al., 2004)
and are considered to be the most comprehensive global ship
observation datasets available.

Using the distribution and fuel consumption and emission
figures from Dalsgren et al. (2009), and the defined AMAP Oil and gas shipping is based on the output of the FRIS-

boundary used in this study (Fig. 1), we find that 6713 Kt, or BEE model and the engineering model of ship perfor-
3.1% of the global fuel consumption, is located within the mance

AMAP region. We assumed that there was no transit ship-

ping in 2004 and estimated the oil and gas shipping basegach of these models are now discussed in turn, starting with
on the oil tankers operating in the AMAP region (0.14 % of the sea-ice scenarios, then the oil and gas production model,
global oil tankers). We consider that this estimate covers theynd finally the shipping model.

activities described by PAME (2009).

— Future oil and gas production is based on a model of the
global energy markets (FRISBEE)

— The location of the future oil and gas activities is based
on the output of the FRISBEE model and location of
current Arctic activities, discoveries, exploration areas,
and undiscovered reserves

3.1 Future sea-ice conditions in the Arctic
3 Future activities in the Arctic Future ice conditions were extracted from the National Cen-
ter for Atmospheric Research (NCAR) Community Climate
System Model (CCSM, Collins et al., 2006). The CCSM3
model was found to be closest to observations between 1972
brief overview), shipping and petroleum production are most2nd 2007 (Overland and Wang, 2007; Stroeve et al., 2007).
related to sea-ice coverage. In our modelling, the future ship NiS model gives a faster reduction of sea-ice cover than the
ping has strong dependence on the future sea-ice conditiond€an of the five models that went into the ACIA assessment

Petroleum production has higher production costs in the Arc{ACIA, 2005, Chapter 16). The CCSM runs are totally in-
tic (though the costs are independent of the sea-ice SCen(,ij:i_ependent of other calculations performed in this paper, that

ios), but the production locations are partially dependent orfS: there is no coupling to the shipping and petroleum mod-
sea-ice coverage. els. Ice concentration and ice thickness for four CCSM3 runs

We use several different models in this paper to estimateVere extracted for the years 2007 to 2100. To avoid random
future activities (2030 and 2050) in the Arctic: year-to-year yarlatlon_s_ and pr_oduce a smqoth development
of the future ice conditions a five year running average was
— We estimate the ice coverage using the output of severalised to calculate sea-ice conditions in March, June, Septem-
runs of a climate model and the output is independentber and December (representing each season) in 2030 and
of other calculations in the paper 2050. The sea-ice extent was defined as the area where ice

We now focus on future shipping activities and petroleum
production in the Arctic region. While other activities are
important in the Arctic (see the Supporting Information for a
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Fig. 4. The oil and gas extraction (measured in Mtoe), energy consumption in transit and petroleum shipping (measured in GWh), and the
September sea-ice extent(a) 2030 andb) 2050. These data are combined with emission factors to produce the results in respective tables.
The transit shipping only occurs during the summer months, while the oil and gas transport occurs throughout the year.

concentration is larger than 15%. The modelled sea-ice ex3.2.1 The FRISBEE oil and gas production model
tent was translated onto axi1 degree grid, thus ice is re-
moved from all grid cells where the ice concentration is less.

than 15 %. Monthly mean ice conditions were calculated byArctic region is assessed based on a model of the global en-

retaining the correct sea-ice concentration and sea-ice thick- rgy markets (Aune et al., 2009); Framework of International

ness in each cell, while at the same time preserving the tot trategic Behaviour in Energy and Environment (FRISBEE).

sea-ice area (Eide et al., 2010). The future sea-ice extent irf, : . .
N .The model was previously used for studies of impacts of
September used in this study for the years 2030 and 2050 'Setroleum industrr)y restruZturing (Aune et al., 2085) and

shown in Fig. 4. globalization of natural gas markets and trade (Aune et al.,
2010). A recent working paper provides a detailed descrip-
tion of the application of the model to oil and gas production

Currently, the Arctic produces about a tenth of the world’s oil in the Arctic (Lindholt and Glomsrgd, 2011). These publi-
and a quarter of its gas (AMAP, 2008). While some fields arecations provide the model details, sensitivity analysis, and a
in decline, new discoveries are being made (AMAP, 2010)variety of applications. We provide a brief description of the
and there are considerable potential resources in the Arctigodel here and in the Supporting Information, but the reader
(Gautier et al., 2009). The United States Geological Survey's.encouraged to refer to the references for more specific de-
(USGS) estimates that the area north of the Arctic Circle conails.
tains about 30 % of the world’s undiscovered gas and 13 % of The FRISBEE model describes future supply and demand
the world’s undiscovered oil (Gautier et al., 2009) with the of oil and gas through elaborate modelling of oil and gas in-
largest resources for Russian gas. Despite the large poteestments and production. It is a recursively dynamic par-
tial, it is not clear whether the Arctic will sustain its current tial equilibrium model accounting explicitly for discoveries,
contribution to global supply. To estimate future oil and gasreserves, field development and production of oil and gas
production in the Arctic requires a global model that can es-(Aune et al., 2009). The emphasis is on petroleum markets;
timate the Arctic share of future oil and gas production. however, the global market for coal and regional markets for
electricity are also modelled albeit in less detail. Production
generally takes place in 15 regions and four field categories
depending on location onshore/offshore, depth of offshore
fields and size of resources (Lindholt and Glomsrgd, 2011).

The potential scale of future petroleum production in the

3.2 Future oil and gas production in the Arctic
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For each Arctic region, see Fig. 1, the model depicts one fieldvas assumed to be zero in 2030 and increase linearly to a
category only. The process of discovering reserves from thevalue in 2050 that was based on the size of the undiscovered
pool of undiscovered resources is determined by expected oilesources (Gautier et al., 2009) and average extraction rates
or gas prices, field characteristics and the amount of remain(lHS Incorporated, 2009), see the Supporting Information for
ing undiscovered resources. The model covers both conmore details.
ventional and unconventional resources. The International
Energy Agency (IEA) applies a similar, but more detailed, 3.2.2 Oil and gas output from 2000—2050
model structure of the petroleum production and investment
decision in their World Energy Model (IEA, 2008). Figure 2 shows the future oil production for three oil price
The current development times and production costs arecenarios and Fig. 3 shows the future gas production. Fig-
based on the oil and gas market information (IHS Incorpo-ure 2 shows the effects on Arctic oil production when future
rated, 2009). Future costs and lead times are uncertain, butil prices (in 2005 USD) rise to $120 per barrel oil equivalent
will probably increase as production moves from onshore to(boe) or declines to $40/boe, which is 50 per cent higher or
offshore areas, which also often contain smaller fields (cf.,50 per cent lower than the oil price reference scenario. To-
IEA, 2008). Exploration and drilling cost are three to five tal accumulated oil production is around 27 % higher in the
times higher in the Arctic than in other petroleum provinces $120/boe scenario than in the reference scenario. The rel-
and thus depending on the oil price production may varyative increase in production is higher in Russia than in the
greatly in the Arctic (Wood Mackenzie and Fugro Robertson,other Arctic regions. Total accumulated oil production in the
2006). For Arctic regions the time lag from investment de- $40/boe scenario is around 39 % lower than in the reference
cision to maximum plateau production is generally assumedscenario with similar reductions in relative terms across re-
to be 50-100 % longer than in comparable non-Arctic fields,gions. In either case, even with a high oil price, FRISBEE
due to lack of infrastructure. Capital and operational costs indoes not estimate a significant increase in oil production in
new Alaskan fields are assumed to be 50 % higher than avthe Arctic.
erage costs of existing fields. For Norway, the costs of new Figure 3 shows estimated Arctic petroleum production
fields are set to 50 % above the cost level of the most expenfrom 2000 to 2050 with an oil price of $80/boe. There
sive field category and Arctic Canada is assumed to have thies a gradual decline in total production until 2030 before a
same costs as Arctic Norway. The cost level in West Arctic slight increase towards 2050. Production is dominated by
Russia is also set to 50 % over existing average cost level fo¥West Russia with strong growth in production in Alaska and
this region, whereas costs in East Arctic Russia are assume@anada, and after 2030 in East Russia and Norway. As the
to be twice the existing average cost level, as the infrastrucprice is endogenous in the gas modelling, we do not have
ture in the latter area is less developed. Investment costs amdifferent scenarios based on the oil price.
assumed to increase over time as the undiscovered resourcesin our modelling of emissions we use the reference sce-
are being developed. nario ($80/boe). In the reference scenario, half of the total ac-
Arctic and other non-OPEC suppliers respond to the oilcumulated future Arctic production (2000-2050) is oil with
price level. The world market price of oil is exogenous in the large regional differences. Future Arctic oil production as a
model and OPEC satisfies the residual demand at the preshare of total accumulated production is 67 % for West Rus-
vailing oil price, determined as the difference between worldsia, 21 % for Alaska, 5% Norway, and 4 % for Arctic Canada
demand and non-OPEC supply. If demand rises due to inand East Russia. Future cumulative Arctic gas production is
come growth OPEC will increase supply to cover additional 90 % for West Russia, 4 % for Norway, 3 % Alaska, and 2 %
demand and keep the oil price at the preferred level of thefor Arctic Canada with smaller amounts in East Russia and
cartel, however, Arctic and other non-OPEC supply remainsGreenland. Over the time period 2000-2050 there is a slight
unaffected as the price is constant. In the gas markets, howshift of production from gas to oil (40 % oil in 2000, 51 % in
ever, the price is endogenous. The global oil and gas indus2050), though the cumulative split is roughly 50 %.
try outside OPEC is modelled as separate investors allocat- Comparisons with other models are found in a separate
ing a share of the annual cash flow to fields by maximizingsection below. A recent working paper also provides more
net present value of returns. Price expectations are basegetails on the analysis of Arctic activities (Lindholt and
on adaptive expectations, assuming future prices will equalGlomsrad, 2011).
average of prices over the last six years. The gas price is
endogenously determined in regional markets. However the3.2.3 Production locations
model depicts the gas market as global and integrated, sep-
arated by costs of transportation that have declined, in parThe FRISBEE model estimates oil and gas production in
ticular for LNG, and tend to harmonize regional prices over 2030 and 2050 for five aggregated Arctic regions: East Rus-
time. sia, West Russia, Alaska, Arctic Canada, and Arctic Nor-
At the time of the study, the FRISBEE model did not in- way. We allocate the oil and gas output in these five regions
clude activity in Greenland. The production in Greenlandto a 1x 1 grid using field-by-field data on historic oil and
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gas production, estimated resources, and additional data su@®906); for example, emissions from gas combustion in a tur-
as stage of production, on/off-shore, and similar data (IHShine, diesel generators, and fugitive emissions all occur in
Incorporated, 2009) and the USGS estimates of undiscovdifferent parts of a standard emissions inventory.
ered resources in the Arctic (Gautier et al., 2009). A brief We estimated the emission factors per unit oil and gas ex-
overview of the gridding method is given here, with more tracted using a variety of different data sources. We took
details in the Supporting Information. default values from a global dataset based on voluntary re-
The gridding is performed in a three step process: first,porting by oil and gas companies (Oil and Gas Producers,
average cumulative extraction rates are estimated for eacB009), but most of these default values were updated using
field in the database; second, based on the extraction rate amhtional statistics (see the region-by-region discussion in the
field size, we determine the fields operating in each year; andgupporting Information). Most national estimates were top-
third, the total extraction in each region estimated using thedown and obtained by dividing the total oil and gas emissions
first and second steps is scaled to match the FRISBEE outpuby the net oil and gas extracted in each region. We used
In the first step, the average cumulative extraction rates (curegionally averaged emission factors, corresponding to the
mulative production divided by years in production) for each five FRISBEE regions, instead of attempting to estimate site-
field are determined using either historic production data orspecific (gridded) emission factors which may vary widely
resource size for the fields not currently in production (IHS for different fields. We base the emission factors on net oil
Incorporated, 2009). In the second step, using information orand gas production (to market) and not gross production to
the current stage of development in each field (IHS Incorpo-be consistent with the output of the FRISBEE model. We
rated, 2009), fields are selected that are in operation in eitheiound little variation in the emission factors for oil and gas
2030 or 2050. In the third step, the estimated extraction rategxtraction and for on- and off-shore extraction (Oil and Gas
in 2030 and 2050 are then scaled so that the regional outpu®roducers, 2009; Statistics Norway, 2010), consequently, we
matches the FRISBEE model output, that is, steps 1 and 2ssume that the emission factor per tonne oil-equivalent is
are used as gridding proxies for oil and gas production. Thehe same for oil and gas extraction and for off- and on-shore
USGS data on undiscovered resources (Gautier et al., 2009cilities.
are incorporated in the 2050 estimates only. Greenland is not Table 1 shows the emission factors used for 2004 with
included in the FRISBEE results and the output is estimatedurther details in the Supporting Information where the data
using the estimated field size. More details on the griddingused for each region is explained in more detail. We did not

are found in the supporting information. estimate uncertainty ranges for the emission factors, but the
long-lived greenhouse gases are the most certain and the BC
3.3 Oil and gas emissions and OC most uncertain (see Supporting Information). The

BC and OC estimates were based on shares of PM (Bond et
We use the common Tier 1 approach to constructing emissioml., 2004). In regions with a high degree of flaring, the emis-
inventories (IPCC, 2006), based on the relationdhipis-  sion factors are more uncertain due to lack of data. Despite
sions = Emission Factor Activity. The following sections  the potential uncertainties, many of the emission factors are
outline the emission factors, followed by the emission levelsbased on top-down estimates, and given the oil and gas out-
under the different scenarios. We focus on climate relevanput in each region replicate national emissions estimates.
species (IPCC, 2007b) covering both long-lived greenhouse
gases (CQ, CHyg, and NO) in addition to short-lived pol- 3.3.2 Aggregated emissions
lutants and ozone precursors (EQ 0y, CO, NMVOC, BC

and OC). Table 2 shows the emission estimates for 2004 calculated us-
ing the emission factors in Table 1 and the actual oil and gas
3.3.1 Emission factors production in 2004. As noted earlier, we base the emission

factors on the net emissions (oil and gas to market), with the
The output of the FRISBEE oil and gas production model most significant effect for Prudhoe Bay in Alaska where most
is measured in the volume of oil and gas extracted at eaclgas is re-injected due to the high cost of transporting the gas
1x 1 degree grid point in the Arctic. Thus, the emission fac-to markets. As our emission factors are partially based on
tors need to convert the oil and gas output into either energyational emission reporting, those emission estimates repli-
consumption or directly to emissions. If the former, energy cate national emission estimates (see Supporting Informa-
consumption, is chosen then the energy mix and combustiotion). We have further comparison with another study in a
technologies are also needed. Emission factors based on tlseparate section below.
energy consumption or emissions per unit oil extracted are To estimate future oil and gas emissions we multiply the
not widely available. This is most likely since reported emis- oil and gas output in 2030 and 2050 with the emission fac-
sion inventories are usually based on energy consumptiomors. It could be expected that the emission factors improve
by fuel-type, and the energy consumption or emissions fromover time with technological development, though, certainly
particular activities are not usually grouped together (IPCC,in the case of long-lived GHG emissions, this seems not to
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Table 1. The adopted emission factors per tonne oil equivalent extracted for 2004 (details in Supporting Informatapd3I@, are
based on the molecular weight and not the mass of S or N.

CO, CH; N,O NMVOC SO, NOy CO PMg BC oc

kot™h @thH @™ @ @Y @hH @ @hH @hH @th
Norway 58 154 0.4 380 1 186 39 4 1.1 12
Russia East 69 620 05 128 186 121 31 50 157  17.0
Russia West 69 620 05 128 186 121 31 50 157  17.0
Canada 109 110 3.3 82 166 331 223 9 2.9 3.2
United States 389 1621 0.4 41 23 891 178 97 305 331
Greenland 58 154 0.4 380 1 186 39 4 11 1.2
Minimum 58 110 0.4 41 1 121 31 4 1 1

Table 2. Estimated emissions from oil and gas extraction in the Arctic assuming 2004 emission factors in each year.

Constant emission factors

2004 Oilandgas C® CHy; NoO NMVOC SO NOx CO PM BC OC
(Mtoe) Mt) (k) ® (kt) (kt) (kt) (kt) (kt) (kt) (k)
Norway 46 2.6 7.0 19 17 0.1 8.5 18 02 01 01
Russia East 1.5 0.1 0.9 0.7 0.2 0.3 0.2 00 01 00 0.0
Russia West 810 56 500 380 100 150 99 25 41 13 14
Canada 1.8 0.2 0.2 5.9 0.1 0.3 0.6 04 00 00 0.0
United States 62 24 100 25 2.5 1.4 55 11 60 19 20
Greenland 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 00 0.0
Sum 920 83 610 430 120 150 160 38 47 15 16
2030 Oilandgas C® CH; NyO NMVOC SO, NOy CO PM BC OC
(Mtoe) M) (k) ®) (kt) (kt) (kt)  (kt) (kt) (k) (ki)
Norway 22 1.3 3.4 9.4 8.5 0.0 4.2 09 01 00 0.0
Russia East 15 1.1 9.6 7.3 2.0 2.9 1.9 05 08 02 03
Russia West 590 41 370 280 75 110 72 18 30 9.3 10
Canada 30 3.3 3.3 97 2.4 5.0 9.9 67 03 01 01
United States 110 42 170 43 4.3 2.4 96 19 10 33 35
Greenland 0.0 0.0 0.0 0.0 0.0 0.0 0.0 00 00 00 0.0
Sum 77 88 560 440 93 120 180 45 41 13 14
2050 Oilandgas C® CH; NyO NMVOC SO, NOy CO PM BC OC
(Mtoe) M) (k) ® (kt) (kt) (kt)  (kt)y (kt) (k) (ki)
Norway 56 3.2 8.7 24 21 0.1 11 22 02 01 01
Russia East 37 2.6 23 18 4.8 7.0 4.5 1.2 19 06 0.6
Russia West 570 39 360 270 73 110 70 18 29 9.0 97
Canada 58 6.4 6.4 190 4.8 9.7 19 13 05 02 0.2
United States 170 67 280 69 7.0 3.9 150 31 17 53 57
Greenland 17 1.0 2.6 7.2 6.5 0.0 3.2 07 01 00 0.0
Sum 910 120 680 580 110 130 260 66 48 15 16

be the case in the oil and gas sector (Oil and Gas Produamore energy is required to extract oil and gas as reservoirs

ers, 2009; Statistics Norway, 2010).

In the case of long-become depleted; and second, an increase in flaring will de-

lived GHG emissions, the reason the emission factors varycrease Clj but increase C@ Other pollutants that are eas-
so little over time is probably a mix of two key factors: first, ier to control, such as NMVOC and NQare more likely to
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Table 3. Estimated emissions from oil and gas extraction in the Arctic assuming 2004 Best Practice emission factors in each year.

Best practice

2030 Oilandgas C® CH; N,O NMVOC SO, NOy CO PM BC OC
(Mtoe)  (Mt)  (kt) (1) (kt) k) (k) (k) (k) (k) (k)
Norway 22 13 25 89 0.9 00 27 07 01 00 00
Russia East 15 09 17 6.2 0.6 00 19 05 01 00 0.0
Russia West 590 34 65 240 24 08 72 18 21 07 07
Canada 30 1.7 33 12 1.2 00 36 09 01 00 00
United States 110 6.2 12 43 43 01 13 33 04 01 0.1
Greenland 0.0 00 00 00 0.0 00 00 00 00 00 00
Sum 770 44 84 310 31 10 93 24 27 08 09
2050 Oilandgas C® CH; N,O NMVOC SO, NOy CO PM BC OC
(Mtoe)  (Mt) (k) (1) (kt) k) (k) (k) (k) (k) (kb)
Norway 56 32 62 23 2.3 01 68 17 02 01 01
Russia East 37 22 41 15 1.5 01 45 12 01 00 00
Russia West 570 33 63 229 23 08 70 18 20 06 0.7
Canada 58 34 64 23 2.4 01 71 18 02 01 01
United States 170 10 19 69 7.0 02 21 53 06 02 02
Greenland 17 10 19 69 0.7 00 21 05 01 00 00
Sum 910 53 100 370 37 1.3 110 28 32 10 11

decrease as they are regulated under existing protocols (UNroyage fuel consumption serves as input to this cost-benefit
ECE, 2005) and mitigation technologies are widely available.assessment, as fuel cost is a major component of voyage
A key uncertainty in our analysis is what emission factors tocosts. For the shipping segment related to petroleum extrac-
use in 2030 and 2050. Since the data shows little improvetion the activity level is not modelled explicitly, but assumed
ment in emission factors over time we use two cases (Tato be proportional to the production data given by the FRIS-
bles 2 and 3): first, a case where emission factors are ke@EE model. Note that there is no feedback mechanism from
constant at 2004 levels (“Constant Emission Factors”); andhe petroleum shipping model to the FRISBEE model, and
second, a “Best Practice scenario” where it is assumed thahat the transit shipping model is completely independent of
all of the Arctic uses the lowest regional emission factor for FRISBEE.

each pollutant from 2004. For Greenland in 2050, we assume The per-voyage fuel consumption is calculated by path-
Norwegian emission factors as newer facilities are likely tointegration of the fuel consumed per unit of distance tra-

use best available technology. versed, which in turn is calculated from modelled ice con-
ditions and ship-specific ice-performance curves. Details on

3.4 Future shipping activity in the Arctic the fuel consumption calculations can be found in the Sup-
porting Information.

3.4.1 Methodology For the transit shipping cost-benefit assessment, future

Asia-Europe (A-E) traffic across the Arctic is estimated by
The future Arctic shipping activity has been modelled in two modelling all A-E cargo flows to be covered by trade between
separate segments: transpolar (transit) shipping and shippingne European port and three Asian ports; Rotterdam — Tokyo
related to in-Arctic petroleum extraction. The modelling of (R-T), Rotterdam — Hong Kong (R-HK) and Rotterdam —
both segments relies on an engineering-based model that r&ingapore (R-S). Each port is a representation of a wider ge-
lates the route choice, ice conditions, and vessel characteriggraphical area. Future Asia — Europe cargo volumes are es
tics to fuel consumption for a single voyage. For both seg-timated by translating the IPCC A2 scenario projections for
ments this single-voyage fuel consumption is combined withglobal economic development into global seaborne trade vol-
an annual activity level (essentially the number of voyages)umes using the strong historical correlation between Gross
and emission factors to produce the total segment emissioDomestic Product (GDP) and seaborne trade, as reported
inventories. For transit shipping the number of voyages isby the EU project QUANTIFY [ttp://www.ip-quantify.ey
determined by a cost-benefit assessment in comparison wit{Endresen et al., 2008). These global projections were then
traditional routes through the Suez Canal. The Arctic single-modified for use on the A-E trade. A-E cargo volumes are
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Table 4. Base emission factors in kg emitted per tonne of fuel consumed for an internal combustion engine running on residual fuel oil,
as well as emission reduction factors and corresponding emission factors for different pollutants for the years 2030 and 2050, based on the
revised MARPOL 73/78 Annex VI effective as of 1 July 2010.

Pollutant Base emission Source Reduction factor Emission factor [kg?]
factor [kg 1] 2030 2050 2030 2050
CO, 3130 Buhaug et al. (2009) 0 0 3130 3130
CHgy 0.3 Buhaug et al. (2009) 0 0 0.3 0.3
N2O 0.08 Buhaug et al. (2009) 0 0 0.08 0.08
NMVOC 2.4 Buhaug et al. (2009) 0 0 2.4 2.4
SO 54 Buhaug et al. (2009) 80% 80% 10.8 10.8
NOx 78 Buhaug etal. (2009) 3.9% 3.3% 74.958 75.426
CO 7.4 Buhaug et al. (2009) 0 0 7.4 7.4
PM 5.3 Corbett et al. (2010) 20% 20% 4.24 4.24
BC 0.35 Corbett et al. (2010) 0 0 0.35 0.35
oC 1.07 Corbettetal. (2010) 20% 20% 0.856 0.856

Table 5. Fuel consumption and emissions in gigagrams (kilotonnes)pa'r' cargq vo!umes arg then assigned to the m(,)St profltable
of various pollutants as a result of transpolar shipping and oil and"@Ute, which in turn gives the number of transits in 2030

gas-related shipping in the Arctic in 2030 and 2050. and 2050. Potential gains from shorter transit times, such
as higher freight tariffs, have not been explicitly included in
Pollutant Emissions (kt) the profitability calculations. However, shorter transit times

translates to reduced fleet costs since fewer vessels are re-

shortname 2030 2050 quired to meet a given transport demand.

Fuel consumption 2880 5180 We find that part-year Arctic transit will be commercially

(C:S'i %(_)81$ 1??680 attractive for containgr traffic from the Tokyo hub in 2(_)30
N,O 0.2 0.4 and 2050. The predicted amount of containers that will be
NMVOC 6.9 12.5 transported through the Arctic equals 1.4 million TEU in
SO« 31 55.9 2030 (36 % of the potential for the Tokyo hub) and 2.5 mil-
NOy 216.3 391 lion TEU in 2050 (45 % of the potential for the Tokyo hub).
co 21.3 38.4 This corresponds to 480 transit voyages, or about 8 % of the
PM 12.2 22.0 total container trade between Asia and Europe, in 2030 and
BC 1.0 18 850 transits voyages, or about 10 % of all container traffic
oc 2.5 4.4 between Asia and Europe, in 2050. The model has been

tested with variations in fuel price and length of sailing sea-
son, and the conclusions presented are robust with regard to
these factors (see Supporting Information). Future work with

split equally between the three hubs, based on current tradi1® model should extend this to include variations in other in-
statistics for the areas the hubs represent (European Conﬁ’-Ut factors_ such_ as choice of IPCC emission scenario, f_ut_ure
mission, 2010) and assumptions of regional differences irfC Scénario, ship concept, performance of the vessels in ice,
the trade development. The resulting potentials for containef©St Of building and operating ice class vessels and alterna-
traffic between Europe and Asia are 11.7 million Twenty- tive logistics, e.g. |ce—strengthengd vessels just for the Arctic
foot Equivalent Units (TEU) in 2030 and 16.7 million TEU ©c€an and cargo transfer ports in the northemn parts of the
in 2050. For each port pair (R-T, R-HK and R-S) and for Pacific and Atlantic Oceans.

each reference year (2030 and 2050) we then compare future Shipping activity related to petroleum extraction has been
voyage costs for Arctic transit against voyage cost for Suezstimated based on projected production data (described in
transit. Two alternatives for Arctic transit are investigated; the previous section). The fuel consumed by tanker vessels
year-round traffic using vessels designed for heavy ice conis modelled by assuming shipping routes and transhipment
dition, and summer transit using vessels designed for modports based on the production figures and locations, and by
erate ice. The voyage cost calculations includes fuel costscombining this with the same model for fuel consumption
explicitly modelling the effect of transiting ice, and addi- as for transpolar shipping. For supply vessels a simplified
tional construction costs for ice-strengthening. For each porstatistical approach is used to correlate the amount of fuel
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Table 6. A comparison of the emissions from shipping and extraction of oil and gas. The shipping is split between transit, oil and gas, and
other activities. The oil and gas covers actual emissions in 2004 and emission based on best practice in 2030 and 2050.

Shipping Oil and gas
Transit Oil and gas Other 2004 actual 2030/2050 best practice

2004 2030 2050 2004 2030 2050 2004 2030 2050 2004 2030 2050
Fuel consumption kt - 1190 1780 42 1690 3400 6671 6671 6671
Carbon dioxide Co(Mt) - 3.73 558 0.010 5.28 10.7 203 203 203 82.8 44.2 52.8
Methane CH (kt) - 0.360 0.530 0.000 0.506 1.02 0.310 0.310 0.310 612 84.0 100
Nitrous oxide NO () - 100 140 0.257 135 272 496 496 496 434 306 366
Non-methane volatile NMVOC (kt) - 286 4.28 0.008 4.05 8.17 153 153 153 124 31.0 37.0
organic compounds
Sulphur oxides Se(kt) - 128 19.2 0.170 182 36.7 281 56.3  56.3 153 1.05 1.25
Nitrogen oxides NQ (kt) - 89.3 134 0.176 127 257 491 472 475 163 93.0 111
Carbon monoxide CO (kt) - 881 132 0.024 125 252 472 472 472 38.4 23.7 28.3
Particulate matter PM (kt) - 5.05 7.56 0.031 7.16 144 484  38.7 387 46.9 2.70 3.23
Black carbon BC (kt) - 0.420 0.620 0.001 0.590 1.19 1.15 115 1.15 14.7 0.85 1.01
Organic carbon OC (kt) - 1.02 1.53 0.002 144 2091 3.87 310 3.10 16.0 0.92 1.10

consumed with the amount of petroleum extracted, using3.4.3 Aggregated emissions
statistics from the Norwegian Continental Shelf (Norwegian
Petroleum Directorate, 2010). The results are sensitive tdfable 5 shows the fuel consumption and the emissions result-
change in input variables such as the estimate of unproveing from transpolar shipping and shipping related to oil and
resources, oil price, transportation mode and fluctuating oilgas-extraction in the Arctic in 2030 and 2050 (a split between
and gas markets. petroleum and transit shipping is found in Table 6). These
In total, the fuel consumption is 2880 kilotonne in 2030 figures include emissions from container vessels on transpo-
and 5180 kilotonne in 2050 (Tables 5 and 6), covering transdar shipping routes, tankers transporting oil and gas, as well
polar container shipping, supply vessels and tankers transas supply vessels serving offshore installations in the Arctic.
porting petroleum. However, it should be recognized that thisAs noted earlier, shipping emissions from e.g. tourism, fish-
study has not covered all Arctic ship emissions, such as fromng and community resupply are not included in this table.
shipping activities related to tourism, local/national transport
and fisheries.
4 Comparison with other studies
3.4.2 Emission factors
An increasing number of studies are appearing on Arctic ac-
The emission factors (Table 4) used in this study are based ofivities and emissions, though most emphasis has been on
values of equivalent quantities for slow-speed engines funshipping. Here we give a brief comparison of our results
ning on residual fuel oil in the Second IMO GHG Study with other studies.
(Buhaug et al., 2009), except for particulates, which we
based on Corbett et al. (2010). To allow for changing4.1 Oil and gas production
emissions in the future, due to e.g. international regula-
tions and improvements in technology, we have introducedThere has been very little academic research on future oil
emission reduction factors. The emission factors improveand gas production in the Arctic relative to non-Arctic pro-
over time according to a percentage ‘reduction factor’ rel-duction. We are aware of one other major study of oil and
ative to the current emission factor based on the regulagas production in the Arctic performed by a private con-
tions of the International Convention for the Prevention of sultancy (Wood Mackenzie and Fugro Robertson, 2006).
Pollution from Ships, 1973 as modified by the Protocol of A direct comparison is difficult as there are differences in
1978 (MARPOL 73/78) which came into effect in May 2005 geographical definitions and petroleum price assumptions.
and the amendments of which came into effect 1 July 2010Mood Mackenzie claims to take profitability into consider-
(MEPC 176(58)). More details are provided in the Support-ation, however, to what extent is not made clear in published
ing Information. material. The petroleum supply from the Arctic region as a
whole would, according to Wood Mackenzie, peak around
2030 at 400 Mtoe (8 million barrels of oil equivalents per
day) with 40 % oil and 60 % gas in the most likely scenar-
ios. In addition, Wood Mackenzie depicts a more optimistic
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scenario for future production where petroleum supply will sion factors that are not specific to the oil and gas sector. Sec-
peak at over 700 Mtoe in 2030 (30 % oil and 70 % gas). Ourond, we use detailed gridded data for oil and gas locations.
oil reference production level in 2030 is much higher than Global datasets often have a mix of gridding proxies which
their most likely level. However, when we apply a low oil may default to population-based gridding in the absence of
price of $40/boe our production level in 2030 is around 25 more specific data and this may locate the emissions further
percent lower than theirs. Our reference Arctic gas producsouth around population and industrial centres. In both cases,
tion level in 2030 is close to the average of their referenceour approach is more directly related to the activity levels and
level of 239 Mtoe and their optimistic level of 483 Mtoe in locations in the oil and gas sector. We have lower estimates
2030. Though while differences exist, the results are broadlyfor CH4 and NMVOC since we did not estimate leaks from
consistent. oil and gas transport in our estimates. In the case of BC and
We are not aware of other studies that provide oil and ga$OC, Bond et al. (2004) reported estimates of 22.5kt BC and
output in the Arctic with a high degree of spatial detaik(1 ~ 26.3kt OC in the entire AMAP region, but this covers all
degree grid). Our gridding for 2030 and 2050 is based onsectors. Thus, it is expected that our estimates will be much
current areas of exploration, but many of the undiscoveredower. Overall, our emission estimates are generally higher
resources are in or adjacent to existing areas of productiothan previous estimates, but this could be expected given the
(Wood Mackenzie and Fugro Robertson, 2006). For 2050more detailed approach we have taken. We are not aware of
we use estimated resources which cover large geographic agpecific bottom-up estimates of Arctic oil and gas emissions
eas (Gautier et al., 2009; IHS Incorporated, 2009) and wen 2030 or 2050.
visually selected grid points in the USGS Assessment Units
which are best for transport or located near other fields. Weg 3 Transit shipping and emissions
only place production at realistic and accessible locations
(see Supporting Information and Murray, 2006). A conse-
quence of the gridding methodology is that future produc-
tion locations are potentially more distributed than current

Several studies have estimated future transit shipping activ-
ities and their emissions in the Arctic Ocean. These studies

. . . & . have considered different climate scenarios, regional devel-
production locations (Fig. 4); in reality operators may cluster o .
opments, geo-political issues, ship types, reference year, and

s oo e et o oCUUL perametes (Ragner 2000 PANE, 2009, Brunsad
' Y al., 2004, Dalsgren et al., 2007; Verny and Grigentin, 2009;

tion t_o which to base productlon locations gnd consequentIyCOrbett et al., 2010; Khon et al., 2010; Liu and Kronbak,
locations should be considered to have a high level of uncer:

tainty. 2010).
' Corbett et al. (2010) and Paxian et al. (2010) are the studies
4.2 Oil and gas emissions most relevant for comparison with the results presented in

this paper. Paxian et al. (2010) give a range of 0.73-1.28 Mt

Our oil and gas estimates for 2004 approximate’ where posf_or fuel Consumption in the NSR in 2050, which is less than
sible, national emissions estimates. In the way of comparithe estimate of 1.78 Mt presented in this study, but of the
son, it is also possible to compare our oil and gas emissiof$ame order of magnitude. However, their study is not limited
estimates with existing global emission inventories that sep0 container ships and considers only fuel consumption along
arate out oil and gas production (e.g., EDGARV3.2, Olivier the NSR, whereas this study also includes the parts of the
et al., 2005). However, direct comparisons can be misleadiourney that lie outside NSR. It seems reasonable to expect
ing since detailed oil and gas platform information is often that the algorithm employed by Paxian et al. may slightly
not used in the gridding of global data sets, and hence emisunderestimate Arctic transit traffic since it is based on future
sions may be located further south near population or indusProjections of historical vessel movements, and since it will
trial centres. Over the same AMAP region, the EDGARV3.2 only consider vessel movements for eligibility if they travel
database gives values of 8.0 Mt §0,743kt CH, 14.5t  directly from Asia to Europe.

N-0O, 2,531 kt NMVOC, 72.0kt S@ 7.2 kt NQ,, and 163 kt The estimated C@®emissions calculated by Corbett et
CO (Olivier et al., 2005). The more recent EDGARv4 al. (2010) appear to be significantly higher than presented
database has 5.7 Mt G654 kt CH,, and 45.9 kt N@ with in this study. They give total emissions from all ship traffic
the other components not available at the time of comparin 2030 and 2050, but they have also estimated the propor-
isons (European Commission, 2009). Except for,Gid tion that container ships represent of the total traffic. Their
NMVOC, our estimates are larger than other studies ancdestimates of the CQemissions from Arctic container traf-
there are two key explanations for this. First, we use bottom-ic in 2030 are 4.8 and 7.7 Mt CQor a “business as usual”

up data based on the actual volume of oil and gas extractednd high growth scenario, respectively, and for 2050 they es-
and the emission intensities are based on the net volumémate 12 and 26 Mt C& These numbers are higher than
extracted. In contrast, most global emission data sets, likgpresented in this study by a factor 1.3-2 in 2030 and 2—4.6
EDGAR, are based on fuel consumption and averaged emisgn 2050. The reason seems to be that Corbett et al. (2010)
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estimate that as much as 2 % and 5 % of global seaborne trad **
will be shifted to the Arctic in 2030 and 2050, respectively.

5 Discussion

g

Our analysis provides emission estimates for oil and gas ex-%
traction, and transit and oil and gas shipping in the Arctic { «
region for 2030 and 2050. Table 6, Figs. 4 and 5 show a" =
comparison of the emissions from the extraction of oil and
gas, transit shipping, oil and gas shipping, and other ship- .
ping activities. The other shipping activities are based on an
earlier study using ship observations in 2004 (Sect. 2.3) and
in the absence of better data the same activity is assumed in
2030 and 2050. We based the other shipping emissions oRig. 5. A comparison of the different emission sources in the Arc-
the assumed improvements in emission factors (Table 4). tic region for CQ, SO, and NG (based on the data in Table 6).
A comparison of the emissions from different activities The “Other Shippi_ng” is not based on calculations perfc_>rmed inthe
in the Arctic indicates that emissions will not increase sub-Paper- Note the different scales: 68 x10Mt CO, SOy is x 2kt
stantially above current levels (Table 6 and Fig. 5), thoughsoz’ and NQ is Kt NOx.
locations may change (Fig. 4). In 2004 the transit and
petroleum shipping emissions were relatively small, requir-

Carbon Dioxide Sulphur Dioxide Nitrodgen Oxides

; . . kicenovic and Swart, 2000). We chose a sea-ice model that
ing rapid growth to reach 2030 and 2050 levels. The rapldreplicated the recent declines in sea-ice coverage better than

growth in the emissions from transit shipping occurs in IOca'other models, though it is unknown if these trends will con-
tions that have not seen substantial emissions before (Fig. 42'rnue (Bt et :;1I 2009: Amstrup et al., 2010). Our estimates
:—_|0\t/veve_rt, (tf mp"?“ed t%thf. bu_smelsz aﬁ uslual case (tno '.A‘r%'f oil and gas extraction in the reference scenario are rel-
tlrf rahr!S| ) ere 'ts a r(fa 3L;Z'ﬁn. mz%goa Léegggifgmgolgg n atively constant seemingly contradicting the potential large
€ shipping sector o n an n 3Sincrease in extraction based on the significant discovered re-

the Arctic transit is shorter than shipping via the Suez Canal'sources in the Arctic Region (Gautier et al., 2009). However,

The rapid growth in oil and gas shipping occurs despite rela'our reference scenario produces greater oil and gas output

tively constant oil and gas production levels. This is SiNCepan another study (Wood Mackenzie and Fugro Robertson,

Fhe sea-ice coverage dec.rc_eases and new fields are openg 06). In addition to these issues there are considerable un-
in off-shore locations requiring transportation by ship r"’lthercertainties in technological improvements, emission factors,

than the high levels of pipeline transportation currently in oil price scenarios, economic growth, and so on. Our results

use (Bambulyak and Fran_tzen, 2009; I_Dalszren_ etal, 200_7)should only be considered as an indication of potential emis-
In terms of fuel consumption the shipping for oil and gas is sions in the Arctic region. Both for oil and gas production

?‘m““d 500./0 higher Fhan transit shipping, and other Shippingand shipping, even with reduced summer sea-ice extent, the
is about twice the oil and gas shipping. In 2030 and 2050’Arctic will still be a challenging operating environment and

emissions are dominated by petroleum production and Othef)ur modelling suggests there will not be a rapid increase in

shipping (depending on the pollutant) suggesting relativelyaggregated Arctic emissions up to 2050.
modest changes in aggregated emissions driven largely by

emission factor improvements. Depending on the pollutant,
different activities will dominate future emissions in the Arc- 6 Concluding remarks and further work
tic. Petroleum activities have higher emissions from energy
use and flaring (C®and CHy), loading (NMVOC), and es-  Our analysis has considered future activities and emissions
timated particulates. Shipping has much higher emissions oin the Arctic region in 2030 and 2050 on ax1l degree
NOy, SO, CO and PM. Overall, the emissions are chang-grid and covering both short-lived pollutants and ozone pre-
ing in volume, location, and source but we do not find rapid cursors (S@, NOx, CO, NMVOC, BC, OC) and the long-
aggregated emission increases in the Arctic region. lived greenhouse gases (gCOCHs, N2O). We find rapid
Estimating future activities in the Arctic is inherently dif- growth in transit shipping due to increased profitability with
ficult due to large uncertainties in sea-ice extent, resourcehe shorter transit times compensating for increased costs in
availability, future economic development, and future poli- traversing areas of sea-ice. Oil and gas production remains
cies. We assume that there are no political instabilities inrelatively stable in our scenarios leading to reduced emis-
the region allowing access to all Arctic resources (Brunstadsions due to emission factor improvements. We find that
et al., 2004) and we assume continued economic growth athe location of oil and gas production moves into locations
the global level along the lines of the IPCC A2 scenario (Na-requiring more ship transport relative to pipeline transport,
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leading to rapid growth in emissions from oil and gas trans-Aune, F. R., Rosendabhl, K. E., and Sagen, E. L.: Globalization of
port by ship. Even though we do not find a significant in-  Natural Gas Markets — Effects on Prices and Trade patterns, En-
crease in aggregated Arctic emissions, we do find a consider- €ergy Journal, 30, 39-53, 2009.
able change in the location of emissions. Studies have foundune. F. R., Mohn, K., Osmundsen, P., and Rosendahl, K. E.. Fi-
that the forcing and climate response is dependent on the lo- nancial market pressure, tacit collusion and oil price formation,
cation of emissions and this may partially explain the more __ENerdy Economics, 32, 389-398, 2010. .
rapid recent warming in the Arctic compared to the global Bambulyak, A. and Frant.zen., B.: Oil Transport from the Russian
. . ) part of the Barents Region: Status per January 2009, The Norwe-
average. In future Wor!( studies using (_:hemlcal transport, ra- gian Barents Secretariat and Akvaplan-niva, Norway, 97, 2009.
diative transfer, and climate models will be used to help un-gejre, s Platt, U., von Glasow, R., Wenig, M., and Wag-
derstand the forcing and climate response due to emissions ner, T.: Estimate of nitrogen oxide emissions from shipping

occurring in the Arctic compared to those occurring outside by satellite remote sensing, Geophys. Res. Lett., 31, L18102,

of the Arctic. doi:10.1029/200491020312004.
Berntsen, T., Fuglestvedt, J. S., Myhre, G., Stordal, F., and Berglen,
Supplementary material related to this T. F.: Abatement of greenhouse gases: Does location matter?,
article is available online at: Climatic Change, 74, 377-411, 2006.
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