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ABSTRACT

Future emission to air from trans-Arctic shippirade estimated using projected ice
conditions from a climate model and ship perforngaincice. An earlier study estimated the
transit times, fuel consumptions and emissions faeotontainer vessel during trans-Arctic
shipping in 2030 and 2050 using mean ice conditfmma a climate model and assuming
limitations on ice concentration and ice thicknisghe chosen vessel.

This extension investigates the sensitivity of esoigs from trans-Arctic shipping in 2030 to
internal climate variability by considering ice @n September from the results of the four
individual climate model runs for each of the fixears that were the basis of the original
mean ice conditions. Thus projected transit timfgs, consumptions and emissions based on
ice conditions from 20 individual runs are presdnte

It was found that passage in 2030 along the seléstetic transit route is possible in only 9
out of the 20 ice conditions for the selected liroé concentration. For these nine ice
conditions the annual fuel consumption and the gioms from trans-Arctic container vessels
vary from 75% to 110% of the mean value which iatBcthat the mean seasonal emissions to
air in the Arctic give a representative picture disguise the fact that the transit is possible
only less than half of the cases.

The individual climate model runs demonstrate digant impact of internal climate
variability on the potential for trans-Arctic shipg until 2040 along the chosen route. After
2040 there is no effect of climate variability @e iconditions in September as the route is
virtually ice free and all four runs in each yehow ice conditions that allow trans-Arctic
shipping on the selected route for the chosen liesse

INTRODUCTION

Peters et al. (2011) estimated emissions to ain frans-Arctic shipping in 2030 and 2050 by
assuming projected ice conditions for the two yeaing ice conditions were taken as the
running average over five years and four runs ef@ommunity Climate System Model 3
(CCSMB3) (Collins et al., 2006), centered on therg®30 and 2050, for the IPCC emission
scenario A2 (IPCC, 2007). They used a route adhasarctic Ocean that would lead vessels
outside the Russian domestic waters but east dfithn Pole; see Route 3 in the map in
Figure 1. They also assumed technology improventaatswill give 5% lower fuel
consumption in 2030 compared to 2005 and 10% law2050, as well as other technology
improvements that reduce emissions ofyN&Q, and organic carbon (OC), in line with
Marpol Annex VI requirements. The basic scenarig si@mmer traffic across the Arctic
Ocean with PC4 ice-class 6500 TEU container vesaétsbulbous bow, here called CS6500.
The bulbous bow is optimized for open water. Vespeked dependence on ice thickness was
represented by a speed-thickness curve. One comthwas that trans-Arctic traffic between
Asia and Europe will occur only from Tokyo, wherdias distances from other Asian hubs



like Hong Kong and Singapore would be too longeacbmmercially attractive in 2030 and
2050.

The objective of this paper is to demonstrate theettainties introduced by internal climate
variability. The variability in climate model ressilis introduced by running a specific global
climate model combined with a specific emissiomsc® several times with slightly varying
initial conditions. Each new set of initial conaditis is called a run. The assumption is that the
mean of all runs, or ensemble mean, yields a radstghate of the climate change for the
given emission scenario. We had four different rainsur disposal extending time frame for
years 2001-2100. In this paper the work of Peteas. €2011) is extended by considering ice
conditions from the four individual runs of the GABMCSM3 and IPCC emission scenario A2
for each of the five years that were basis of tieamice conditions used by Peters et al.
(2011). This gives a set of 20 individual ice cdimtiis based on climate model results. We
have used the same vessel specific performancendiEians of vessel speed as a function of
ice thickness as in Peters et al. (2011).
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Figure 1. Arctic transit routes as presented beMRedt al. (2011). Route 3 was used in this
study.

It is emphasized that this paper only treats thesighl impacts of ice conditions on the vessel
performance and the implications for transit tirmad fuel consumption. Other aspects of the
commercial attractiveness of using the Arctic hagebeen included. It is conceivable that
traffic from Hong Kong, and even Singapore, maybenomically feasible in years with

very light ice conditions.

Wang and Overland (2009) showed the sensitivityhefice conditions to choice of climate
models and emission scenario. However, resourtectes limited this study to the use of a
single climate model and a single emission scenario

ANALYSIS

The ship used in the case study is called CS 650€.s a 84000 DWT container ship with 57
MW power. Its maximum transit speed is 12.3 m/selFconsumption per transit was
calculated for the ice conditions in each of thesrduring 2028-2032 using the brake specific
fuel consumptions of 166 g/kwh.



Ship speed in ice was calculated using the samedsyge ice thickness curve for CS 6500 as
Peters et al. (2011). In each grid cell of ice da&ling distance across the cell, mean
thickness and concentration were found. The distdravelled in ice was assumed equal to
the sailing distance across the cell times thecargcentration. The rest of the distance was
assumed to take place in open water. The totaleréength was 12266 km and actual

distances in ice varied between 111 km and 1390Tatal transit time for the route is the

sum of the cell transit times. “Getting-stuck” spdinit was set to 1 km/h (0.3 m/s) with the

accuracy of one decimal as in Peters et al. (20IA¢y also assumed that the maximum
allowable ice concentration on a transit acrossAifeéic Ocean is 50%.

Fuel consumption and emissions per transit
The fuel consumption in grams for one transit is&egiby

Fe = PC(wo Tspo + Wi Tsai) 1)
where

o = Engine load in open water

O = Engine load in ice

P = Engine power, kW

C = Specific fuel consumption for the main engigé\WVh
Tsa0 = total time per transit spent in open wategyrso

Tsai = total time per transit spent in ice, hours

As in Peters et al. (2011), we use for the engiadd, = 0.85 andy; = 1.00.
Number of ships, transits and cargo over the Arctic Ocean

If the sailing season is long and the ice cond#ieary during the season, the ship transit time
will also vary. Thus the Arctic sailing season ddobe divided inton parts, each with
different durations

TSAj j =1, n.

The number shipNs, required to transport a total cargo@ffrom Tokyo to Rotterdam in
one year is given by

Ne =t - 2)

Cy ' TSAj J‘365—27'5‘4]'
Z(TAj+2) ' 2(Ts+2)

The addition of 2 to 4; and T is due to an assumed time in harbor of 2 daysdach loading
and off-loading. The number of transité;, across the Arctic is

_ Tsaj
Ny = Ng, (TAj‘l'z) 3)
and the cargo transported westwardg, Gver the Arctic in one season is, in TEU
1
Ctw :E.NT.CW (4)

In Equations (2) — (4) the symbols are;

C = total cargo to be transported from Tokyo totRatam per year, in TEU
Cw = cargo transported westwards on one ship, in ptship and trip

Tsaj = Duration of parf of the Arctic sailing season, in days

Taj = Transit time for paitof the season, in days



Ts = transit time for the Suez route between Tokyd Rotterdam, in days

Length of sailing season

The length of the sailing season has been estinialiesving the same approach as Peters et
al. (2011). As ice data were available for Marame] September and December only the
maximum ice concentration for the months June, &epér and December are plotted and
fitted a sine curve to the three points.

A main assumption is that the maximum ice concéptraalong the route would have to be
below 50% for ship owners to risk using the Arctiate. The length of the sailing season was
then found as the number of days between the dowessing and up-crossing of the curve
with 50% concentration line. June and December mari ice concentrations along the route
seem fairly stable at 90% and 99% and for simplititvas assumed that these values did not
change, whereas the September number changes maypathis is illustrated in Figure 2.
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Figure 2. Interpolated sea ice concentration ama paints along route 3 for the four runs in

2030, assuming maximum allowable ice concentraifds0%. The number of days between

points where the interpolated curves intersecbthper cent-line is taken as the length of the
season for mean ice conditions.

Table 1 shows the maximum ice concentrations iri€daiper and Table 2 the lengths of the
sailing season in days for the 20 individual rusrshaximum allowable ice concentration
50%. The maximum September ice concentration aloatg 3 exceeded 50% in eight out of
the 20 runs.

Table 1. Maximum ice concentration along the RQuite September for the 20 individual
runs.

Run 2028 (%) 2029 (%) 2030 (%) 2031 (% 2032 (%)
1 10 21 53 44 62
2 39 39 50 73 26
3 59 13 11 31 11
4 74 81 85 88 45




Table 2. Length of sailing season in days alongRbete 3 per season for the 20 individual

runs, assuming a maximum allowable ice concentraifdb0%.

Run 2028 (d) 2029 (d) 2030 (d) 2031 (d) 2032 (d
1 117 106 0 58 0
2 74 74 10 0 100
3 0 115 117 92 117
4 0 0 0 0 53

When a ship encountesr ice thicker than 1.4 mt& geick. Figure 3 show the ice thickness
and ice concentration in Septembéng route 3 for the run 2 in 2030 as an example.
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Figure 3. Ice conditions in September for 2030rtor 2.

Emissionsfor one year

Emissions for a summer season transport throughAthec was calculated for CS 6500
vessel using the emission factors per unit fuekoarption as in Peters et al. (2011) and the
calculated number of transits. The specific fuehstonption and the emission factors are
assumed constant and independent on engine load.

RESULTS
Transit times

Transit times for September for all years betwe@d122100 and all runs along route number
3 are presented in Figure 4. The figure shows timatice conditions for all four runs are

sometimes too heavy for transit or the estimataaisit time is close to or exceeds that of Suez
route between Tokyo and Rotterdam of 20.1 days. Mgee that transit times vary

significantly between the runs up to 2040 and #itdr 2045-2050 they stabilize at the open
water transit time. Thus there will be no variaidmetween the runs for the years 2048 —
2052, which represents the mean for 2050 usedterdet al. (2011). These years will not be
considered further. Calculation of length of thdisg season across the Arctic Ocean, the



number of transits and total emissions will onlyilhestrated for the 20 runs of the years 2028
— 2032. Each black dot in Figure 4 presents thesitraime for one of the four runs for each

year. Missing values for transit time mean thatgrais not possible in September with ships
of type CS 6500, either because the ice is todktbic the maximum ice concentration

exceeded 50%. Table 3 summarizes transit timeth&R0 runs for maximum allowable ice

concentrations of 50% and ice thickness of 1.4 ran3it is possible in only 9 of the 20 runs
with the limitations on the vessel that has begmosed.
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Figure 4 Mean and standard deviation of the mawrince thickness on the route along with
transit times in the summer season (September)-200Q. Missing points indicate too heavy
ice conditions for transit. The green line preséimésmaximum ice thickness the ship is
capable of advancing.

Table 3. Calculated travel time in days for a vekseone trip with maximum allowable ice
concentration 50% and ice thickness of 1.4m, basdde conditions in September. Unit:
days.

Run 2028 (d) 2029 (d) 2030 (d) 2031 (d) 2032 (d)
1 11.7 11.7 Too highice | Too thick ice Too high ice
concentration concentration ang
too thick ice
2 12.1 12.1 Too highice| Too highice 11.7
concentration | concentration
3 Too high ice
concentration 11.6 11.6 11.7 11.6
4 Too highice| Too highice| Too highice Too high ice Too thick ice
concentration concentration concentration | concentration
and too thick ice and too thick ice




We note from Figure 4 and Table 3 that in 2030 20®iL only one of the four runs allows
trans-Arctic shipping on route 3 in the maximunow@aible ice conditions along the route.
Note that the mean transit time in Peters et 8112, which was 12.74 days, is calculated
from the mean ice conditions andh#t an average of the transit times shown for eactanth
year in Table 3.

Fuel consumption and emissions per transit

Time spent in open water per transit can be estidhy finding open water distance travelled
from Table 1 and setting open water speed to 12s3 fiime spent in ice per transit is then
the total transit times from table 2 minus the tgpent in open water.

Fuel consumption for one transit for each of thaivildual runs is presented in Table 4 and
the CQ emissions are displayed in Figure 5. The calauiatihave been performed for runs
where ice thickness is below 1.4 m. Table 4 shdves there are 9 runs for which these
conditions are satisfied. The limiting ice concatitm has only impacted the length of sailing
season, the number of ships in the fleet and tla¢ namber of transit.

The fuel consumption per transit in the averagecmeditions used in Peters et al. (2011) is
2459 tons and the corresponding Cénission is 7697 tons. Table 4 shows that the fuel
consumption and C{emissions for the 20 runs that went into the ndPeters et al. (2011)

in 2030 vary from 91% to 111% of the mean in 2030.

Table 4. Calculated fuel consumptions in tons f86600 for one transit.

Run 2028 (1) 2029 (1) 2030 (1) 2031 (1) 2032 (1)
1 2271 2269 - - -
2 2362 2366 - - 2273
3 - 2244 2245 2270 2245
4 - - - - -
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Figure 5. Comparison for CO2 emissions per transsteptember for each run long the Arctic
route 3, vessel type CS 6500 2028 — 2032.

Number of ships, transits and cargo over the Arctic Ocean

In this study we have estimated the transit timlg tor ice conditions in September in the
case that the maximum allowable ice concentras@0Pb6. However, we have only the transit



times shown in Table 3 available and will thus perf the above calculations without
dividing the sailing season into several parts.

Table 5 shows the number of ships required, thebewrof transits made during one season
and the cargo transported westwards in one seasaonadximum allowable ice concentration
50%. The table is based on Egs. (2) — (4).

Table 5.
a. Number of ships required along the Route 3 for2biéndividual runs, assuming a

maximum allowable ice concentration of 50%.

2028 2029 2030 2031 2032
Run (# of ships) | (# of ships) | (# of ships) | (# of ships) | (# of ships)
1 67 69 - - -
2 72 72 - - 69
3 - 67 67 70 67
4 - - - - -

b. Number of transits in one season along the Rofve e 20 individual runs,
assuming a maximum allowable ice concentration0865

2028 2029 2030 2031 2032
Run (# of transits)| (# of transits)| (# of transits)| (# of transits)| (# of transits)
1 576 530 - - -
2 380 380 - - 505
3 - 570 579 470 579
4 - - - - -

c. Amount of cargo transported in million TEUs alohg Route 3 in one season for the
20 individual runs, assuming a maximum allowabéedoncentration of 50%.

Run| 2028 (M TEU)] 2029 (M TEU) 2030 (M TEU) 2031 (NEU) | 2032 (M TEU)
1 1.69 1.55 - - -
2 1.11 1.11 - - 1.48
3 - 1.69 1.69 1.37 1.69
4

For comparison with Table 5, Peters et al. (20bupé that 71 vessels were needed and that
they would carry 1.4 million TEU in 482 transitsrohg one season. Thus the variability in
cargo transported over the Arctic route_is + 20%thef mean calculated by Peters et al.
(2011).

In the calculations we assumed the same transé thmoughout a season even though the
transit time is dependent on the ice conditiong ttzay throughout the season. To get an
impression of the uncertainty introduced by usimg $ame transit time for the whole season,
the length of the season run 2030-3 for limit conicgion on 75 % was calculated and then
divided the sailing season into 3 segments witlgtlen 19, 117 and 19 days, a total of 155
days. The transit times for the segments were 18. and 16.1 days. This resulted in less
than 5% difference in number of transits, westbocaido and seasonal G@missions. This
implies that using the same transit time for theod@hseason does not introduce significant
error for the calculated number of transits.



Emissions for one year

Emissions for a summer season transport througArittec were calculated for CS 6500
vessel using the emission data and the numbearndits. The C@emissions are illustrated
graphically in Figure 6 for maximum allowable icencentrations along the route of 50%.

Figure 6 shows that the total seasonal emissionthéoyears when sailing is possible vary
between 75% and 110% of the mean estimate by Rsitais(2011). The mean seasonal,CO
emissions along the trans-Arctic route of the mungs is 3.66 million tons, 0.07 million tons

lower than calculated by Peters et al. (2011) for tmean ice condition. The standard
deviation is 0.51 million tons or 14% of the me@he relative variations will be the same for
the other emissions as for €O

If the maximum allowable ice concentration along tbute is increased from 50% to 75%,
transit would be possible in 14 runs. The mean @edsCQ emissions of the 14 runs
increases to 4.44 million tons, with a standardiatean of 1.07 million tons or 24% of the
mean. The maximum CG@mission increases from 4.10 to 5.15 million tpasseason.

By increasing the maximum allowable ice concerdratfrom 50% to 75% reduces the
required number of ships by less than 10% but [&a@% — 75% more transits and westbound
cargo. This is a direct consequence of the lendgtth® sailing season, as the change in
number of vessels is proportional to the invers¢ghefsquared length of the season whereas
the change in number of transit is proportionahi® change of length of the season (Egs. (2)
and (3)).
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Figure 6. CQ emissions in summer season for all runs, maximilswable ice concentration
along the route at 50%. The red horizontal linesmaean (thick) and mean + 1 standard
deviation (thin).

CONCLUSIONS

For maximum allowable ice thickness of 1.4 m ancimam allowable ice concentration
along the Arctic transit route of 50%, passageossyble in only 9 out of 20 runs. For these
nine runs the annual fuel consumption and emissfom® trans-Arctic container vessels vary
from 75% to 110% of the mean value calculated bgmBest al. (2011). This indicates that the



results for expected seasonal emissions to alraritctic obtained by Peters et al. (2011)
give a representative picture.

The mean C@emission per season is 3.66 million tons witheadard deviation of 0.51
million tons or 14% of the mean. The range of seat@Q emissions is 2.81 - 4.10 million
tons.

The individual runs demonstrate significant impafanternal climate variability on the
potential for trans-Arctic shipping until 2040 afpthe chosen route. After 2040 there is no
effect of climate variability on ice conditions 8eptember as the route is virtually ice free
and all four runs show ice conditions that alloans-Arctic shipping on this route.

It is only from 2040 that all four runs indicateransit time that will make the Arctic route

commercially competitive with the Suez route in themmer season (exemplified by
September). In 2050 there are no variations in ahnfioel consumption or emissions, as all 20
runs as well as the mean have the same transit tinoe conditions are kept constant at the
2001 — 2005 average, passage will not be possitietime considered vessel type.

However, the results rest on several assumptiotsiamplifications and we have only
considered two sources of variability, which are pinojections of future ice conditions with
one global climate model and one IPCC emissionasé@iand the limiting ice concentration
for sailing across the Arctic.

Furthermore, we point out that this study only tsehe physical impacts on the vessel
performance of climate variability in ice condit®dand the implications for transit times and
fuel consumption. The fact that the ice conditianisinfluence the commercial attractiveness
of using the Arctic has not been included. We alsphasize that the results are only
indicative of the variations caused by internahelte variability on the emissions from trans-
Arctic ship traffic in 2030.
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