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THE ENVIRONMENTAL IM PACTS OF INCREASED INTERNATIONAL MARITI ME
SHIPPING i PAST TRENDS AND FUTURE PERSPECTIVES

1. Introduction

1. Increasing pressure is put on industry and businesses, including the various transportation modes,
to accomplish sustainable developmealobal warming, acidification and degradation of air quality are
environmental impact categories high on the international agenda. Consequently, studies have focused on
anthropogenic emissions of compounds leading to such environmental impacts: Gaxida CQ),

nitrogen oxides (N@ and sulphur dioxide (S emissions. Recent studies indicate that the emission of
CO,, NO, and SQ by ship corresponds to about3%, 1315% and 49% of the global anthropogenic
emissions, respectivelyCorbett and Kohlg 2003;Endresen et al.2003; 2007;Eyring et al, 2005a).
Emission inventories are a fundamental input to evaluating the impact of emission on the environment and
human health and to guide the policy makers on mitigation options.

2. Regulations and incentives to control pollution sources are often directly aimed at reducing total
emissions, typical on a sourbg-source basis. Focus is either on sources causing the greatest impact or on
the most cost efficient soe# to control Corbett and Koehler2003). Ship emissions have not previously
been regulated, but the International Maritime OrganisatibtOfland EU have recently implemented
requirements for ship#\ new set of regulations is in process by IMO, EU ar® EPA Dalsgren et al.
2007;Eyring et al, 2005b).Focus is mainly oiNO, and SQ emissions, but strategies for €@ductions

are also considerethfernational Maritime OrganisatioMO), 2005).

3. Exhaust emigens from a marine diesel engine, the predominant form of power unit in the world
fleet, largely comprise of excess carbon dioxide and water vapour with smaller quantities of carbon
monoxide, oxides of sulphur and nitrogen, partially reacted andcowbused hydrocarbons and
particulate materiall(l oy ddés Regi st 19950 The &hausp gasen gre gmitt&l)into the
atmosphere from the ship stacks and diluted through interaction with ambient air. During the dilution
process in the ship plume thetive chemical compounds are partly transformed and deposited on ground
and on water surfaces. Furthermore, during oil transport and cargo handling, evaporation leads to VOC
(Volatile Organic Compounds) emissioEn@iresen et al.2003). Shipping also ctiibutes with emission

of other compoundse(g.refrigerants and fire fighting agents), but they are not covered by this study.

4, In order to reduce exhaust emissions, measures can be taken either before théotoptbustss

(fuel oil treatment and fuel oil modifications), during the combustion process (reduce formation of air
pollutants in the combustion process) or through after treatment of exhaust gases. The fuel consumption
and emissions may also be reducediaproved technical conditionse.@. antifouling systems, engine
efficiency), operational mean®.§. reduced speed, weather routing), alternative fuelg. LNG) and
alternative propulsion systems.g. fuel cells, sails) Eyring et al, 2005b; Tronstad& Endresen 2006).

Different operational and technical alternatives for reducing cargo VOC emissign®¢overy systems)

are available.

5. The main fraction of sulphur dioxide emitted from ships will oxidize & @mosphere to form
sulphate, and nitrogen compounds will form nitric acid and nitrate, and thus contribute to acidification.
Sulphate and nitrate aerosols together with directly emitted particles like organic and black carbon might



have impacts on bothehlth and climate. Emissions of nitrogen oxides, carbon monoxide and VOCs will
affect pollution levels, especially through enhanced surface ozone formation. Ozone is also an important
greenhouse gas and emissions of ozone precursors impact the oxidatizethahe (Cl) another
important greenhouse gas. Direct emissions of greenhouse gases{Cmall amounts of J and CH)

change the radiative balance of the atmosphere. There is a significant delay in building up the
concentrations of some of the grlense gase®(g.CO,) and thereby in the climate impact. Knowledge

on how ship emissions have developed over time is required to quantify climate effects and trends. Since
the response time of the climate compounds is very different, ranging from dagsttoies, and the
chemical interaction between pollutants are highly-loear, integrated studies estimating more than the
impact of one single pollutant will give a better basis to assess the effect of different emission control
options.

6. A reliable and ugo-date ship emission inventory is essential when evaluating impacts, but also
when assessing the effect of different emission control options. Shipping activity has increased
considerably over the last cenfEyring et al 2005a;Endresen et al.2007), and currently represents a
significant contribution to the global emissions of greenhouse gases and pollutants, in particylarigd NO

SO, (Corbett et al., 1999; Corbett and Koehler2003;Endresen et al.2003; 2007Eyring et al, 2005a).

Despite this, information about the historical development of fuel consumption and emissions is in general
limited, with little data published prior to 1950. There are in addition large deviations reported for
estimates avering the last three decad&n@resen et al2007). Significant differences are also apparent
among the reported present fuel consumption and emission inventories. It is for this reason challenging to
evaluate and quantify the impacts of ship emissiasswell as to propose implementation of effective
regulations and incentives for emission reductions. This has led to an ongoing scientific debate regarding
past and current levels of emissions and impacts from ships. The debate revolves around wiiather b
sale statistics are representative when estimating fuel based emissions, whether input data on engine
operational profiles for different ship types and size categories are represer@ativet{ and Koehler

2003; 2004 Endresen et gl.2003; 2004aEyring et al, 2005a), whether the geographical distribution of
emissions capture the world fleet trafficdrbett and Koehler2003 Endresen et al.2003;Dalsgren et

al., 2007) and whethelarge scale models might overestimate nitrogen oxides coatiens(Beirle et al.,
2004;Chen et al.2005;Dalsgren et al.2007. A new report from an IMO working group claims that the

ship emissions are significantly uneeported (MO, 2007).

7. There is a need for bettestimates of ship emissions and understanding the impacts from
shipping operations. Experts on international shipping and emissions (Det Norske Veritas) and experts on
atmospheric transport and chemistry (University of Oslo) have over several yeatigatedshese issues

in collaboration. Both past, present and future emissions and impacts have been studied. This report
presents the main results from this research, including two Ph.D. studies within thErahexsé¢n et al.
2008;Dalsgren et al.2007). The main results from other recent studies are also briefly given. Due to the
ongoing scientific discussion about the actual level of ship emissions, this report also stresses the need for
strengthening the accuracy and validity of the modelling ofdivteet fuel consumption and emissions, as

well as the need to establish geographical resolved ship emissions inventories for assessments of climate
and environmental impacts.

8. The following sections will presetite methodological approaches and the main results from this
research. Section 2.1 outlines alternative approaches to the modelling of environmental impacts from ships.
Section 2.2 gives past, present and future fuel consumption and emission data. Tia@hisdg
distribution of these emissions is addressed in Section 2.3, with environmental impacts in section 2.4.
Section 2.5 summarizes the main results and findings.



2. Quantifying fuel consumption, emissions and impacts from shipping
2.1 Modelling approah

9. In general, ship emissions are calculated by quantifying the fuel consumption from power
production first and then multiplying the consumption by emission factors. VOC (Volatile Organic
Compounds) emission frowgil cargo handling is an exempt from this general approach. There are mainly
two different bottorrup approaches to calculate the fuel consumption. The wode bunker sales per
country and transport mode may be summed to indicate shipping consumptiensther approach
models the fleet activity and estimates the consumption resulting from this activity (summing up per
ship/segment). Detailed methodologies for constructing ship emission inventories have been published by
the Atmospheric Emission InvemyoGuidebook EMEP/CORINAIR2002).

10. The calculated emissions can be distributed according to global traffi¢edgt&orbett et al.
1999;Endresen et al2003). Alternatively, geographically resolved emissitwentories can be developed
directly by calculating emissions for individual ship movements on defined trade®vhall et al.,2002;
Endresen et a1.2003;Dalsgren et al.2007). The geographical resolved emission inventories can then be
used to asseregional and global impacts of ship emissiong.(Capaldo et al. 1999; Lawrence and
Crutzen 1999;Endresen et al.2003;Dalsgren et al.2007). Figurel illustrates the integrated approach
applied, where ship emissions and impacts are calculated lbmsactivity based fleet modelling or by
marine sales.

2.2 Fuel consumption and emissions

11 The annual fuel consumption by the fleet is strongly affected by demand for sea transport,
technical and operational imgvements as well as changes in the fleet compositmmrésen et al.

2007). During the last century the total fuel consumption and emissions from thegoasgmivil world

fleet increased significantly, as the fleet expanded by 72,000 motor shipstad af 88,000 in year 2000.

The corresponding increase in gross tonnage (GT) was from 22 million GT mili68 GT (Endresen et

al., 2007)(Figure 2). This growth has been driven by increased demand for passenger and cargo transport,
with 300 milliontonnes (Mt) cargo transported in 19Zidpford 1997) and 5,400 Mt in 200G¢arnleys

2002). Up to around 1960, the world fleet still transported large numbers of passengers, and the passenger
ships were the largest ship type in the fléair(nskapsforlget 1999). It was not until 1958 that airplanes
transported more transatlantic passengers than large passengeHahgen(2004). More efficient and
specialized ships have also pushed their way into the maekgdhg first deep sea cellular contairship

in 1965 Gtopford 1997)). The specialized ships have different operational and technological
characteristics, which results in a particular logistic efficiency, with related energy and emission profiles.
The present world fleet (2007) is mostly sképowered and consists of about 96,000 ships abov&T00

(LRF, 2007), of which cargearrying ships (incl. passenger ships) account for roughly 50%. The other half

is employed in nottrading activities like offshore supply, fishing, and general servieas towage,
surveying).

12. The ocean going civil world fleet gradually shifted from sail around 1870 to a full engine
powered fleet around 1940 (Figure Sgpford 1997; LR, 1961;1984). Steamships, burning coal,
dominated up to around 192Blétcher, 1997). Coal was thereafter gradually replaced by marine oils due

to shift to diesel engines and oil fired steam boilers (Table 1). The shift to modern marine diesel engines
has been a slow process taking more thah yiars. In 1961 there were still over 10,000 steam engine
powered ships and 3,536 steam turbine powered ships in operation (36% by nuRbar®g1). As
modern diesel engines have about half the daily fuel consumption compared to the old ineffiaient stea
engines with the same power outtake, the shift to diesel is important to consider when developing historical
estimates of fuel consumptiokr{dresen et al2007).



13. The scrapping of inefficient steamers was ecoically motivated (also political). When the oil

price was low, little attention was paid to fuel costs and many large vessels were fitted with taihiees,

the benefits of higher power output and lower maintenance cost appeared to far overweightiieal h
consumptionDuring the period 1970 to 1985, the fuel price increased by 95@8pford 1997). This was
followed by increased focus on the design of more fuel efficient ships and adjustments of the operational
practice Stopford 1997). The maitfiocus areas for improvements have been on the main engine, the hull
and the propeller. For instandgetween 1979 and 1983 the efficiency of energy conversion inspead

diesel marine engines improved by nearly 308topford 1997). As a result, the tiers fitted with
inefficient steam turbines were among the first to go to the scrap yards in the 1970s, when the fuel price
was rising Stopford 1997; Wijnolst & Wergelangd 1997. By 1984 only 1,743 turbine powered ships
remained in serviceLR, 1984). Ttese vessels were normally the largest ships in the fleet, as turbine
propulsion commonly was used in the upper power raBAME 1988)

14. The annually fuel consumption is also strongly affected by operationditioms, such amarket

situation and bunker price. The depressions in the world economy in the 1930s and 1970s resuked in laid
up tonnage and lower productivity, as world economy generates most of the demand for sea transport,
through either the importfgaw materials for manufacturing industry, or trade in manufactured products
(Stopford 1997). For instance, 21% of the fleet tonnage was out of service in 1932 and 13% in 1983
(Stopford 1997). In addition, crude oil tankers reached a peak in prodydtivi972 (measured in tonne

miles per deadweight (total carrying capacity)). By 1985 this had nearly halved, and a few years later it
increased by 40%Stopford 1997). These operational changes have a significant impact on the fuel
consumption, and aracluded in the activigpased fleet modelling for the period 1970 to 2000 (Section
2.2.2).

15. Operational speed significantly influences the power requirements and fuel consumption, and it
has also varied widely ovéime. Depending on the market situation and oil bunker price, vessels operating

in the spot market have the possibility to reduce the operating speed. At low freight rates it pays to steam at
low speed, because the fuel cost saving may be greater thasshof revenue. A substantial increase in
bunker price will for the same reason change the optimum operating speed. Thus, for any level of freight
rates and bunker price there is an optimum speed, thabwsimigrs will seek for. For example Very Large
Crude oil Carriers typically operated at kfiots when freight rates were low in 1986, but this increased to

12 knots when the rates were higher in 1988pford 1997). Changes in operational speed will have a
large impact on fuel use. For instance a ofidn in the average operating speed b Enots below

design speed may halve the daily fuel consumption of the cargo 8emifdrd 1997; Wijnolst and
Wergeland 1997). Moreover, the technical development on antifouling systewan$ 2000) which have
influenced fuel consumption and emissions over the past 100 years should also be taken into account.

2.2.1 18701913

16. From 1870 to 1910 the world fleet doubled from 16.7 million GT to 34.6 million GT. In this
petiod the steamers grew from 15% of the tonnage to S¥pford 1997), illustrating the shift from sail

to steam ships. The development of fuel consumption over the period is based on statistics reported by
Fletcher (1997). At the turn of the century, motiean 50% of the British coal exports (Table 2) were
ultimately used for ship transportatioRlétcher, 1997). The statistics does not include coal shipped to
foreign stations within Great Britain. The amount of coal burned by ships exporting Britishaall Mt

in 1913. About 270,000 tons of coal was consumed by the transporting ships for every million tons of coal
delivered abroadHletcher, 1997). These figures only include the total amount of British coal consumed by
vessels refilling at UK ports, dnnot the total amount of British coal consumed by the world fleet. The
United States Shipping board has estimated annual bunker consumptions before the First World War
(assumed here to be year 1913). Out of 80 Mt of bunker consumed annually to shipposgeue0 Mt

were supplied by Britain and 5 Mt by British colonigsfin 1920). In other words, the British Empire



supplied 81% and Britain 75% of the coal consumed as bunkers by all ships in the world fleet. This
indicates that 64% of the British coatport (94.4 Mt for 1913) was used as bunker for ships (60 Mt). We
then assume that these factors are representative for the period 1870 toel818,64% of the annual
British coal export was used by shipping, and that Britain supplied 75% of theotrsmmed as bunkers

by all ships in the world fleet. Table 2 shows the estimated coal sales amn@Sions, assuming 2.58

CO, per tonne fuel SNAME 1983;Endresen et al.2007). We find that the sales to shipping increase by a
factor about 7 from 18¥to 1913 (Table 2). As the tonnage with steamers increased by a factor 6 from
1870 to 1910 (see above), our estimates may be reasonable. Table 2 also illustrates that the estimated CO
emissions in 1913 are only slightly lower than in 1925 (Figure 3}hédleet grew by number and motor
powered tonnage, this could be explained with increased focus on fuel ecdfwfiogd(1926) and a shift

from coal to oil (17 Mt oil in 1925Endresen et al.2007). t is not possible to conclude on the actual
uncertainy or bias in the estimates, but tinecertainty could be significant.

2.2.2 19252002

17. Large deviations aregported for estimates covering the last three decades (FyuUEgring et

al. (2005a) produced one tfie first estimates for fuel usage over a historical period from 1950 to 2001.
They have reported sinified activity-based inventories from 1950 up to 1995 using-ghimber statistics

and average engine statistics, while the estimate for 2001 is badethded fleetmodelling.Endresen et

al. (2007) reported more detailed activity estimates for each year from 1970 to 2000. They suggested that
activity-based estimates for past fuel consumption and emissions must take into account variation in the
demandfor sea transport and operational and technical changes over the years, to better represent the real
fuel consumption and corresponding emissions. For instance, the model separates on diesel and steam
ships, as steam ships have a significantly higher daabumption. Their results suggest that the fleet
growth is not necessarily followed by increased fuel consumption, as technical and operational
charateristics have changed. An important input to the modelling is the change in fleet productivity
(measurd in tonrmiles). For instance, the peak level of 1979 was not reached again before 1991 (Figure 2
right). They also reported detailed fuel based estimates (based on sales) from 1925 up to 2000. The results
indicated that oceagoing ships had a yearly fuebnsumption of about 80 Mt of coal (corresponding to

56.5 Mt of heavy fuel oil) before the First World War. This increased to a sale of about 200 Mt of marine
fuel oils in 2000 (including the fishing fleet)e. about a 3.50ld increase in fuel asumpton. Of this

sale, international shipping accounts for som&0%. Based on estimated fuel sBledresen et al2007)

modelled the historical Cand SQ emissions (Figure 3). Ships emitted around 229 Tg)@0L925 and

these emissions grew to 638 T&@) in 2000. The comsponding S@emissions are about 2.5 Tg (S

1925 and 8.7 Tg (SQin 2000. The C@emissions per tonne trgported by sea have been significantly
reduced as a result of larger and more energy efficient ships.

18. Endresen et al(2003) developed a detailed activity based modelling approach, separating on 7
ship type and 3 size categories in the world cargo and passenger fleet. The model calculates consumption
and emissions for year 1996 aRd00. Global ship emission inventories (not geographically distributed)
were developed by combining the modelled fuel consumption with specific emission factors. The fuel
consumption was based on; the number of hours at sea (depending on ship sigi&dalstatations
between size (in Dwt or GT) and engine power for the ship types (container, bulk, general cargo, etc.),
distribution of engine types on ship types (slow, medium and high speed engines), bunker fuel consumed
per power unit (kW) (depends angine type), and an assumed average engine load. The total fuel
consumptions were calculated to 16 and 158 Mt for 1996 and 2000, respectively. Emissions were
calculated for 7 exhaust compounds and thg, G0, and SQ emissions were calculated to 504, 11.9

Tg and 6.8 Tg, respectively (for year 2000). If consumption by 45,00€cargo ships is taken into
account, this work estimated total fuel consumption for the entire world fleet above or equal 100 GT
(oceangoing) to be of the order 200 Mt in 2ZDHowever, higher activity based estimates are presented by
Corbett and Koehle(2003) andEyring et al.(2005a) (Figure 4). The sensitivity analysis carried out

1C



revealed that applied number of days at sea and engine load were the dominating facionsirtgtée
uncertainty in the estimates.

2.2.3 20022007

19. The maritime industry is currently in a period with rapid growth in global demand for transport,
with corresponding increase in ship fuel consumption amidstons. Recent annual growth rates in total
seaborne trade in ton miles have been 23% from 2002 to 2006, while only 10% from 1999 to 2002
(Fearnleys 2006). Accordingly, the fuel consumption from 2001 to 2006 has increased significantly as the
total insalled power increased by about 25KRFE, 2007). The increased engine power for the fleet over
the last few years indicate that the year 2000 inventory should be increased with some 30% to about 260
Mt in 2006. This is supported by a detailed activity miaglmade for 91,000 ships (above or equal 100
GT), with a breakdown on 1ship type and 8ize categories. The results indicate a fuel consumption of
220 Mt in 2004 Eide et al, 2008). A simplified activity based modelling based on input fEordresen et

al. (2007) also supports these findings (Figure 4). In addition, the wadiel sales of marine bunkers have
increased by some 20% from 2001 to 20A( 2007).However, an IMO working group has recently
reported a significantly higher fuel consumptigtimate of 369 Mt for 2007IMO, 2007). In addition,
Buhaug et al(2008) have reported estimate of 333 Mt for 2007. The deviation is likely due to different
reference year, input data and assumptiergs days at sea).

20. It is important to recognize that the significant growth in container trade, as well as ship activity
in Asian waters over recent years will change the geographical distribution of emissions (section 2.3). Over
the last two decades, global contaitrade (in tonnes) is estimated to have increased at an average annual
rate of 9. 8%, while the share of containerized ¢
increased from 7.4% in 1985 to 24 % in 2000NCTAD 2007). In this contextt is important to note that

more than 70% of the cargo value of world international seaborne trade is being moved in containers. In
addition, the Chinese ports (including Taiwan Province of China and Hong Kong, China) accounted for
102.1 million TEUs in 205, representing some 26.6 % of world container port throughput. In 2006
preliminary figures show that throughput has increased to 118.6 million TEUs, a rise of 16% over 2005
(UNCTAD 2007). In addition, from 2000 to 2004 the sales of marine bunker in (Asth Oceania)
increased by 45%HEA, 2007). Clearly, the last years increase in shipping in general, and particular in
Asian waters need to be taken into account in upcoming studies.

2.2.4 Uncertainties

21 One magr uncertainty in calculating the ship emissions are the use of average emissions factors.
The recommended ship emission factoEMEP/CORINAIR 2002) are mainly based on exhaust
measurement from old ships (and engines) typically built before 1990L0%). Some changes in these
factors are expected due to recently implemented regulator regem@edNQ, requirements for new
engines, and SOEmission Control Areas (SECA)) and improved engine technology, and it is
recommended to update these factors relyuld is also important to establish more accurate historical
ship emissions factor€Eqdresen et al2007). The following section also suggegtays to improve the
activity- and fuet (sales) based modelling.

2.2.4.1 Activity-based estimates

22. Uncertainties in actividpased estimates arise from the fact that reliable input data, such as
detailed shipping and engine as well as engine performance statistics, activity data and the detailed fleet
structures before9b0, are not available. Also, the detail level of the fleet modelling approach is important.
Endresen et al(2007) estimates that fuel consumption in the period -P2B® was significantly lower

than reported by other activityased studiesCprbett and Kehler, 2003;Eyring et al, 2005a,b) (Figure

11



4). By considering alternative input data to their simplified activaged modeli€. t=270 days at sea
etc.), they concluded that the main reason for the large deviations between-baseityfuel consuntipn
estimates are the number of days assumed at sea (B)gitedresen et al(2004a;2007 reported an
average number of days at sea of 8ag¢s. This was based on yearly tracking of more than 3,400 ships in
the AMVER database, mainly medium and lacgego vessels. For smaller ships, the number of days at
sea is lower (typically below 200 days), as indicated by AIS data shown in Figure 6.

23. Endresen et al2007) outline that the actual days at aed the seiee speed in the future could

be estimated based on AIS (Automatic identification systems) for individual -go@am ships. Such data

will also make it possible to indirectly estimate the engine power utilization per ship (and for fleet
segments) by combing recorded service speed with installed main engine power for each individual ship
(avail abl e fr om L Dasgrdnsebal(Z006¢ aso rempbréstthat inkihe sukire,)local and
regional ship emission inventories (geographical distributfoemissions) will be based on AIS statistics.
AIS is primarily an antcollision system, and is designed to be capable of automatically providing position
and identification information about the ship to other ships and to coastal authbhititesl(Stées Coast
Guard, 2002). The International Maritime Organisation requires AlS to be fitted aboard all international
ships above a certain size. A premilary analysis based on AIS data and individual profil for 500 small and
medium sized ships (greather tha®0 GT) sailing in Norwegian waters, do not support the an activity
level of 225270 days at sea assumed by recent activity based studies (Figdud#@)g et al(2008) have
made a first attempt to establish global operational profiles using AIS datahéoweported profiles
represent small vessels only crudehis issue need to be addressed in new studies, also considering
larger ships. When the global identification and tracking of ships is implemented, LesiggRange
Identification and TrackingLRIT) technologythe potential for effective monitoring and reliable emission
modelling on an individual ship basis would increase further. LR#Tsiatellitebased system with planned
global coverage of maritime traffic from 200810, 2009.

24. Ships operate differently according to type and size, but cargo ships mostly operate in a similar
way, transporting cargo between ports (the length of the voyages will Emrgyesen et al(20043

reported the average miber of days at sea for 5 size categories and 6 ship types, based on yearly tracking
of cargo ships in the AMVER database. Number of days at sea was found to vary with about 50 days
between the cargo ships types, for a given ship size category. Alsadff¢hende between a small and a

large ship can be 100 days for a defined ship type. Thus, dependency on ship type and size should be
included when performing detailed activity modelling. The engfiael assumed for different types and

sizes, is also impaxnht input. Our premilary analysis, based on AIS data for Norwegian waters, also
indicates that the applied engiloads in the activinbased modelling may be too high.

25, It is important to recognize that the carfieet, accounting for 80% of the installed power
(Endresen et al.2007, normally will have a higher engine utilization (load) and a higher number of
sailingdays compared to netargo shipsEndresen et al.20043. The relative energy production (kWh)

will then exceed 80%, and could be as high as 90%. Consequently, to reduce the uncertainty in the activity
modelling, it is important to apply pidefined size and type categories (with mostly the same characteristic

of the input variables) which resolva®in characteristics. Alternatively, the nlimear effects have to be

taken into account when simplified models are used. It is recommended to use yearly movement and
tracking data€.g.AlS data) available for individual ships to increase the reliakfitjmodel results.

2.2.4.2 Estimates based on fuel sales
26. Several studies have questioned the reduction in fuel sales for giveipeiiods without
considering important operational and technical changes. Thikedids the assumption that significant

underreporting of sales have occurred. However, the acthatyed studies have reported fuel
consumptiorexcluding oceaigoing ships less than 100 GThe fuel consumption by these ships is not

12



addressed in the déitature, and could be significant. For instancel 988, the global number of engine
powered fishing vessels (decked) was about 1.3 millions vessmisl @nd Agriculture Organization of

the United Nations2006), while only some 23,000 of these vess@evarger than 100 GT in year 2000

(LR, 200Q. The fishing fleet of less than 100 GT represents nearly half of the installed power for the entire
fishing fleet Endresen et al.2007).Norway, for example, has approximately 3,000 cargo and service
ships fetween 25 and 100 GT in coastal trag&fistics Norway2000).Data for the rest of the world fleet

of less than 100 GT operating mainly in national waters have not be identified, but this.tesat{onal

fleet for US and Japan) could account fdaerge part of the global fuel consumption. When comparing
activity-based and marine fuel sales this needs to be considered. Results from our work illustrate that
improved activity modelling, with the use of higlsolution time series as input data, gigegesponding

trends in fuel consumption as fuel sales numbers (Figure 4, activity based versus fuel based estimates). In
addition,Endresen et al(2007) illustrated strong correlation between the sales to the world fleet and the
total seaborne trade iorine miles (r=0.97) (Figure 7). This result indicates that if ungj@srting occur

over the period, the ratio is probably approximately constamdresen et al(2005) indicated, based on

sales data per country, that the undgrorting could be in theange of 29Vt (e.g.for Russia). This study
concludes that the reported sales number may be representative and not significanttgpontist, as
previous activitybased studies have suggested.

2.2.5  Future ship emissions

27. Emissions generated from the shipping industry are an important contributor to the global
emissions and scenarios for future activities indicate a significant increase in energy consumption and
emissionsEyring et al., 2005pDalsgren et al.2006; Skjalsvik et al.2000;Eide et al.,2008). The future
development of ship emissions to the atmosphere, versus other transport and industry segments, is essential
to quantify climate effects and trends, and to implement adequate regulations artd/escdh is
reasonable to expect that developments in energy prices, regulatory regimes, sea transport demand,
technical and operational improvements, andittrduction of alternative fuels and propulsion systems

will explain most of the development foel consumption and emissions by the fleet during the next 100
years. There is an increased pressure on industry and businesses, including the various transportation
modes, to accomplish sustainable development. In combination with the expected hégipepénes and

possible oil shortages, this will increase the focus on development of more -effaigpnt and
environmentally friendly systeen f or s hi ps. T h e(wnvdueltelsvpScehl gdaliptoo j ect
develop ultreclean and highly efficient power packs for the maritime power industry, building on leading
Norwegian maritime industrial competence, in synergy with sthtat fuel cell technology. The
prototype power pack will be tested 262810 on board a supply ship, with no expected emissions of

NO,, SG or particles and up to 50% reduction in £nissions compared to diesel engines run on oil.

28. Two approaches are applied to estimate future ship @mnsgssiThe first is extrapolation of
historical growth trends (either emissions directly, or via number of ships in fleet or installed fleet power).
The second is scenatfilmsed estimates. In its simplest form, extrapolating the growth trend in total fleet
installed powerl(RF, 2007) in the period 1998006 gives a growth of 34% from 2006 to 2020. However,

the growth from 1979 to 2006, or from 1986 to 2006, indicates a 4% and 16% increase from 2006 to 2020
respectively. In other words, using shorter regresgeriods leads to higher estimates, due to higher
growth in recent years. Assuming that all fuel and emission factors are kept constant, this growth in the
installed power corresponds to growth in emissions.

29. Another approach is to extrapolate the growth in transport work (tomles) Fearnleys 2006).
Transport work is linearly correlated with installed fleet power for historic ddk&,(2007) (correlation
coefficient higher than 0.95). When this linear catieh is assumed valid also for the future, the
extrapolated values for transport work yields estimates for future fleet power by the same linear function. If
the extrapolation is based on the growth trend in transport work from 1995 to 2005, the griositlled
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fleet power to 2020 would be 33%. However, if the extrapolation is based on the trend from 2002 to 2005,
the growth to 2020 will be 64%. Again, using shorter regression periods leads to higher estimates due to
higher growth in transport activityn recent years. In all, these methods suggest a best guess growth of
approximately 30% in emissions towards 2020 (Fi@)re

30. Of course, the above growth trends (in installed power) do not directly translatniigsion

growth rates, but may indicate future growth of fuel consumption and emissions. Most studies on future
scenarios, however, take historic trends for some recent period and extrapolate, with adjustments for
expected changes in trends. Often, thejastments are the responses to economic and population drivers
affecting global trade or consumption. The TREMOVE maritime m{@euster et al. 200&Zeebroeck et

al., 2009, is an example of such a modele#timates fuel consumption and emissionsdsederived from
forecasted changes in ship voyage distances (maritime movements in km) and the number of port calls.

31 The IMO studyon Greenhouse Gas Emissions from Shiplgdlsvik et aJ.2000) forecasted a
growth rate in seaborne trade (combined cargoes in terms of tonnage)38b BbBnually. The IMO study
applied these growth rates in trade to repregeawth in energy requirements.

32 Eyring et al.(2005b) estimated fure world seaborne trade in terms of volume in tonnes for a
specific ship traffic scenario in a future year based on the historical correlation between the total seaborne
trade and the world gross domestic product (GDP) over the time period 1985 toF200Wing the

annual growth rate in GDP for four Intergovernmental Panel on Climate Change (IPCC) storylines
(varying between 2.3% and 3.6%PCC, 2000), seaborne trade increased by 2.6% to 4.0% per year.
According to this study, fuel consumption by therld fleet may increase from 280 Mt in 2001 to 409 Mt

by 2020 and 725 Mt by 2050. It should be noted that the calculations d&heiby et al.(2005b) starts in

2002 and does not include the recent unexpectedly high growth between 2002 anBuR@if. & al.

(2008) have also reported scenarios for 2020 and 2050, with even higher projections. It should also be
mentioned thatn IMO working group gives an estimated fuel consumption of 486 Mt in 2020, (

2007).

33. The studies byGranier et al.(2006) andDalsgren et al(2007) give estimates for future ship
traffic in Arctic areas. Climate changes will very likely lead to morefiee conditions, opening new sea
routes for trading and passenger traffic. Oil andagdwvity is already increasing in the region, especially
in Northern Norway and Northwest Rusgi2alsgren et al. 2007). Granier et al (2006) use a high
emission estimate for 2050 froyring et al.(2005b) and introduce some of the traffic into Arctiaters.
The outcome of this study is discussed in section 2.4.2.

34. In the Quantify projectfuture fuel consumption, emissions and geographical distribution of
emissions for shipping in the years 2025, 2050 and Ba8been modeled based on four IPCC scenarios.
The IPCC storylines are translated into maritime scenarios exploring the major factors expected to
determine the development in shipping, most notably GDP development, environmental policy
development and pac# technology development. Separate models for fuel consumption, total emissions
and geographical distribution of ship emissions were made for each scenario, taking interatimsid
future changes in worldiide trading patterns. Cargo and rmargo ship are modeled separately in this
study. This allows alternative input data per scenaeig. pased on availability of fossil fuel and ship
power supply). Two of these scenarios are presented below.

35. Primary inputfrom the IPCC scenario descriptions are projections of growth in the world
economy expressed as gross domestic product (GDP). Using historical data, aggregated global GDP is
linked to the size of the world fleet, through world seaborne trade volumese Hathae expectation of

1. www.pa.op.dlr.de/quantify/
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economic development stipulate future world shipping fleet which, along with historical data for average
installed engine power, gives an estimate of the
future fuel consmption for the fleet is estimated based on an activity based approach, taking into account
(among other factors) future distribution of powand fueltypes for the estimated installed power. The

future emissions are then estimated based on the calctilmkdonsumption and the assumed time
dependent technological factors.

36. In order to establish future development for the fleeg.(related to powering, fuel types,
plausible emission reduction factors), quaiNta indications of technological and legislative development
outlined in the IPCC scenario have been considered. As the IPCC scenarios give very little information on
shipping specifics, knowledge must be extracted from the general scenario informatievelr future
development is not only based on the relevant developments in the IPCC scenarios, but also on the current
options and trends that have been identified, experience of the past and relevant industry insights (see
Figure 10). The future extermif the use of biofuels is highly dependent on environmental focus and
technological developments. The use of gas in shipping is likely to increase significantly in the years to
come, but with considerable variation, depending on the given scenario. famcessupply ships(g.

Viking Energy built in 2003) and ferrieg.g. Glutra built in 2000) operating in Norwegian waters have

been fuelled by gas for several years. The opportunities fecélielrunning on gas is expected first in the

small ship segent (and auxiliary engineg)@. Supply ship, see above), but depending on the technology
focus in the scenarios, more general use can be expected later. Wind and solar energy will not power ships
alone, but may contribute alongside diesel engines wikvaercentages for individual ships. Various sail
arrangements, both fixed wing and soft cloth, have been tested out on merchant vessels over the years.
Experiments conducted from 1979 to 1985 did show that sails represent an interesting supplementary
propulsion system when the wind direction is favourakelg.tested on M/V Ususki Pioneb)gt Norske

Veritag 1984). Ongoing testing of kites on merchant ships have also been remoged\( Beluga
SkySaild). Their usage will increase beyond 2025 dependin technology focus (and environmental
focus). Nuclear propulsion has been used in military vessels for decades (also icebreakers). However,
nuclear propulsion has been used only within a limited number of merchant ships (4 vessels: Savannah
(USA), Otto Hahn (Germany), Mutsu (Japan), Enrico Fermi (ltaly)). Due to need for a special
infrastructure and societal fears, it is considered to play a minor role in all scenarios.

37. It is difficult to assess the impact theterhnologies will have in the future, but within a
foreseeable timeframe, marine diesel engines will continue to dominate. It is expected that the environment
will continue to be a general focus and the scenarios assume phasing in of emissions rquticrigree

well as measures that improve energy efficiency. For inst&igelsvik et al(2000) reports a potential of

20% reduction of C@in 2010 via implementation of a range of different technical measamgoptimal

hull and propeller) in the wit fleet. It should be noted that they report higher reduction potential for
individual new ships. In addition, technologies exist that could reduce M@xSelective Catalytic
Reduction (SCR)) and SQ@e.g. Scrubber, low sulphur fuel) by 80% or more &hips (also for existing

ships) €é.g. Skjglsvik et al2000; Eyring et al, 2005b,Cofala et al.,2007). Recent studies have also
reported the costffectiveness of different measures, as well as promising incantebanisms for
emission reductione(g. OECD, 1997;Skjglsvik et a).2000;NERA Economic Consulting005;Kageson

2007; Cofala et al, 2007;Longva et al.2008). Higher emissions reduction could also be achieved in the
long term via shift to nofiossiHuel-based and lovpolluting propulsiem systems like fuel cells and
propulsion by wind and solar power. In the defined future maritime scenarios, both existing and emergent
technologies and solutions are assumed to be phased gradually in to the future fleet.

38. Fuel consumption and emissions were calculated for the years 2025 and 2050 based on our
estimates of the storylines in the IPCC Al and A2 scenarios. Our model estimates for 2050 indicate fuel

2. http://skysails.info/index.php?id=6&L=1
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consumption between 453 and 810 Mt, with appurtenanéstoms from the maritime fleet ranging from

1308 to 2271 Tg (C9, 17 to 28 Tg (NQ) and 2 to 12 Tg (S£. The results for Coemission are shown

in Figure 8. Scenario A1B gives the highest,@8timates, while Scenario A2 gives the lowest estimates.
This is in line with the results for fuel consumption, for which Al gives the highest estimate, while A2
gives the lowest. These results suggest that by adopting the range encompassed by the Al and A2
scenarios, ships in 2050 will account for significantly leigbhare of world anthropogenic g€€nissions,
compared to the-3% today. It is important to recognize that while £&ission (and fuel consumption)
reduction in the scenarios are mainly dependent on improved technical and operational conditions,
alterndive fuels and propulsion systems, additional reduction of W@ SQ emissions (and other
exhaust compounds) can be achieved via specific emission reduction measyrafe¢treatment of
exhaust gases).

39. Theemission volumes must be distributed on a geographical grid in order to be useful for impact
models. Distributing future ship emissions geographically entails prediction of possible future ship traffic
patterns. Comprehensive data exist for the traffittepa of the recent past. However, this traffic pattern is
unlikely to remain unchanged in the coming decades. The traffic patterns for year 2000 do not reflect any
divergence in future economic development, and in particular, discrepancies betweenedexedmpmies

and developing economies. To estimate the geographical distribution of ship activity in the years 2025 and
2050, the traffic distribution for 2000 has been amended with projections for trade routes which are
expected to have extraordinary gtbwin the coming decades, above the growth expected for shipping in
general. In total 12 sea routes, assumed to reflect the major changes in trading pattern and volume, have
been defined. The underlying assumption, when selecting routes, has been exgeofafiiture GDP

levels in developing regions. In addition energy supply routes and other specific cases, such as the
Northern Sea Route (NSR), has been considered and included. The NSR represé&s%oasding in

sailing distance from Europe to nortkten Asia ENI, 2000; ACIA, 2004). As the navigation season on

this route is projected to double by the year 205014, 2004), a significant increase in traffic is assumed

in the Quantify modelling up to 2050. Based on the World Trade Organizationmatiteal trade
statistics YWTQ 2006) we have considered existing, albeit emerging regional trading routes, for the
purpose of identifying specific routes with disproportional growghgrowth considerable higher than the

world average. In order to camtize specific trade routes, regional trade levels are funneled to specific
countries and thereby specific harbors that are selected due to their importance within the specific trading
routes. The resulting worldwide distributions of ship emissions, gakito account both new trade routes

and growth on the existing trade pattern, were then devel@ige ¢t al, 2008). An alternative approach

is outlined inEyring et al.(2005b).

40. While the current study is na forecast study, but rather an evaluation of possible future
outcomes considering several scenarios, the similarities between the two types of studies are many, and
experience with forecast studies may be of value also to a scenario studyetrorigreasting in general

is a highly challenging and uncertain science. A few aspects impacting on uncertainty are briefly discussed
in the following. Firstly, there is a vast potential to improve the level of recycling of industry input factors.
Increased recyirlg leads to less need for imports of raw materials used in production of steel, plastics etc,
thus reduced volumes of seaborne trade. Achievable recycling levels are illustrated by the case of Norway,
where 76% of all metal waste is recycled. For leatelias, electrical and electronic waste, used car tiers

and glass the level of recycling is at 90¥hé Ministry of Finance, Norwag007). On the other hand, as a
significant part of current recycling involves transport of the wastes &gntEurope to @Gina or India,
increased recycling could also involve increased seaborne trade. Also, significant trade volumes between
big actors, such as China and India on the one side and Russia and Central Asia countries such as
Azerbaijan and Turkmenistan on the @thmay be transported in pipelines, as an alternative to seaborne
transportation. Another issue is the scarcity of water which in some regions may translate into a need for
water transportation. Seaborne transportation can be an attractive solutiorensiexpipelines and/or
desalination plants when coping with local water scarcity. Other commodities in which trade is strongly
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expanding are rock, gravel and sand. Such materials are in growing demand as foundation for construction
sites and for civil wdts such as dams and dikes. With increasingesess due to global warming, and
increasingly fierce weather leading to serious damages, demand for these materials will increase. Of
course, increased recycling of construction waste could reduce the ttashspand for these materials.
Furthermore, it is realized that growth in GDP may affect thkie of merchandise trade, but not
necessarily merchandise trag@ume In other words, higher GDP may result in less increase in demand

for seaborne trade based our historical relation.

2.3 Geographically resolved emission inventory

41, Corbett et al.(1999) developed the first global spatial representations of ship emissions using a
shipping traffic intensity proxy derad from the Comprehensive Oceatmosphere Data Set (COADS).
Endresen et al(2003) collected and presented alternative global data and methods for the geographical
distribution of emissions. The modelled exhaust gas emissions were distributed accoedtajcidated
emission indicator per grid cell referring to the relative ship reporting frequency or relative ship reporting
frequency weighted by the ship size. The indicator was based on global ship reporting frequencies
collected by COADS, PurpleFindand AMVER (Automated Mutuadssistance Vessel Rescue system).
The reporting frequency weighted by the ship size was only available from the AMVER data. Recently,
Wang et al(2007) demonstrate a method to improve glgivaky representativityendresen eal. (2003)

also developed a separate global oil cargo VOC vapour inventory.

42. The best estimate is that 80% of the maritime traffic is in the Northern Hemisphere, and
distributed with 32% in the Atlantic, 29% ingtPacific, 14% in the Indian and 5% in the Mediterranean
ocean. The remaining 20% of the traffic in the Southern Hemisphere is approximately equally distributed
between the Atlantic, the Pacific the Indian Océandresen et al.2003) Considering the nuber and
type/size of vessels reporting and reference year, the AMVER data set was found most suitable for the
distribution of emissions from the international cargo traffic. The relative reporting frequency weighted by
the ship size may be applied to takéo account large variation in emission between small and large
vessels (was only available for the AMVER data). The COADS data set is recommended when considering
the entire world fleet (also nezargo ships). However, national inventories covering ebabkipping have

to be added, as outlined Dalsgren et al(2006). The inventories developed Bydresen et al(2003)

have been applied in several studieg(Dalsgren et al., 20Q7Eyring et al, 2005b;Beirle et al.,2004).
Endresen et al(2007) ato pointed out that this is important, as ships of less than 100 GT typically in
coastal operations are not includedg(today some 1.3 million fishing vessels). Results of this work
suggest that the coastal fleet could account for an important pdré abtal fuel consumptiorlso, it

should be noted that recent changes to the worlds trading patterns, in particular in Asian waters over the
last seven years, need be covered by future updates in the global inventory.

43, Endresen et al(2004b) presented a shHiype dependent geographical distribution of the traffic
based on AMVER data (bulk ships, oil tankers and container vessels) (Figure 11). These data were recently
applied byEyring et al.(2005b), and illustri@s large variation in traffic patterns (and emissions) for
different ship types.

24 Atmospheric impacts

44, Emission of pollutants to the air from ship is often chemically transformed to secondary species.
Mixing with ambient air takes place and dry deposition or rainout occurs. The meteorological state of the
atmosphere and insolation are also decisive for the chemical reactions taking place. These factors make the
interaction between chemical active gases highlglinear and atmospheric perturbations may deviate
substantially from perturbations in emissions. Ship emissions might affect the levels of ozone (climate,
health effects), sulphate (acidification, climate, health effects), nitrate (acidification, eutapi)icNQ
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(pollution, precursor ozone and nitrate), NMVOCs (pollution, precursors ozongjp8i@tion, precursor
sulphate), OH and its effect on methane (climate), and aerosols (pollution, climate). Aisedctool to
guantify the impacts is computerodels. Global and regional Chemical Transport Models (CTMs) contain
comprehensive chemical packages, including the calculation of some or all thenaddi@ed
compounds. Meteorological data (winds, temperature, precipitation, clouds, etc) used s theuCTM
calculations are provided by weather prediction models or climate models. Satellite observations indicate
high NQ, concentrations along major shipping lanBgifle et al, 2004;Richter et al. 2004). Regional
emission estimates based onsebserved concentrations are in good agreement with global emission
inventories. Ship plume processes are generally not resolved by global models with a resolution (grid box
sizes) from hundred to several hundreds of kilometres. These models therstidbeitdi emissions over

larger areas. Detailed chemical bmodel studies and measurements increase our understanding of
subgridscale processes taking place within fresh undiluted plumes and during the first stages of dillution.
Studies and measurementslicate that plume chemistry have to be better taken into account in the impact
modeling Kasibhatla et al. 2000;Chen et al. 2005;Song et al.2003;von Glasow et al.2003). These
studies suggest enhanced Ni&struction within the ship plumes. It p®ssible that some models might
overestimate the effect of ship emissions on the, I and ozone budget and one way to overcome this

is to multiply with a reduction factor (effective emission) or introduce plamemistry in the global
models.However, he amount of observational data from ship plumes is limited and more data and studies
are needed. This was also concluded from comparison between global models and observations over
oceanic and coastal are@a(saren et al.2007;Eyring et al, 2007).

24.1  Impact on pollution levels and climate

45, Primary componentslike particles NG, CO, NMVOCs and S§ may potentially cause
problems in coastal areas and harbours with heavy traffic because of their impactaonheafth at high
concentrationsSaxe et a).2004;EPA 2003). Secondary species formed from the effluents in the ship
emissions have longer chemical lifetimes and are transported in the atmosphere over several hundreds of
kilometres. Thereby they canmoibute to air quality problems on land. This is relevant for ozone and the
deposition of sulphur and nitrogen compounds, which cause acidification of natural ecosystems and
freshwater bodies and threaten biodiversity through excessive nitrogen inpopliégtion) Yitousek et

al., 1997;Galloway et al.2004;Bouwman et aJ.2002).

46. The highest surface increases in a sheed pollutant like NQ are found close to the regions
with heavy traffic around the Nitr Sea and the English Channel. Model studies in general findd\la
more than doubled along the major world shipping laBeslfesen et al.2003;Lawrence andCrutzen
1999;Dalsgren et al.2007;Eyring et al, 2007).

47. The ozone levels in the lower atmosphere are dependent on competitive reactions between
formation and sink cycles. The abundance of,N®O+ NQ,) is crucial for ozone formation but the
number of ozone molecules formed is also dependent on AONBN/OCs. In general, an emission
perturbation is most effective in increasing ozone in regions with low background pollution. Ozone is also
a major greenhouse gas. Ozone is estimated to be the third most important of the greenhouse gases
contributing towarming since the primdustrial era Ramaswamy et al2001). Exposure to high ozone
levels are linked toMauzerall and Wang2001; EPA 2003; WHQO, 2003; HEI, 2004) aggravation of
existing respiratory problems like asthma, increased susceptibility t{orfec allergens and pollutants),
inflammation, chest pain and coughing. Some of these studies have strengthened indicationseofmshort
effects on mortality, but evidences of loagrm health effects are limited. Repeated logrgn exposure

could posdily lead to premature lung aging and chronic respiratory illnesses like emphysema and chronic
bronchitis. Elevated ozone levels during the growing season may result in reductions in agricultural crops
and commercial forest yields, reduced growth, increasedeptibility for disease and visible leaf damage
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on vegetationEmberson et al.2001;Mauzerall and Wang2001). Ozone might also damage polymeric
materials suchsapaints, plastics and rubber.

48. The effect on wrface ozone shows a profound seasonality at northern latitudes. Absolute
increases in ozone due to ship emissions are largest in July (Figure 12) when sufficient sunlight results in
an active photochemistry and a significant ozone production in the mottemisphere over large regions
including coastal areas. Large increases are found in regions with large traffic (the North Sea, fishing
docks west of Greenland, the English Channel, the western Mediterranean, the Suez Channel, the Persian
Bay) (Dalsgrenet al, 2007). Some of these regions already suffer from high summer ozone levels due to
pollution from nearby land sources. Figure 13 shows that the relative contribution from international
shipping to surface ozone is even larger over-oggans where saearlier mentioned, ozone production is
relatively more efficient due to low background pollution levels. The relative contribution is also
significant over coastal areas on the west coast of North America and Western Europe. Similar
contributions to ozam are found byCofala et al.(2007),Derwent et al(2005),Collins et al.(2007), and

Eyring et al.(2007).Cofala et al.(2007) discuss the European health impacts related to ground level ozone
and the contribution from shipping both for current (yedd@@&nd future scenarios (year 2020).

49, With regard to climate effects, the ozone perturbations at high altitudes are important. Ozone
produced near the emission sources or produced during the transport proifess by kconvection and

frontal systems to higher altitudes where the lifetime is longer and transport faster. Typical relative
tropospheric column increases due to ship traffic (not shown) are 7% to 14% in the northern hemisphere
and 27% in the southerhemisphere@alsgren et al.2007).

50. Hydroxyl (OH) is the main oxidant in the troposphdrevy,1971). This radical reacts with and
removes several pollutants and greenhouse gases; one of them is methan€CBH abundance itself

is in turn highly dependent on some of these pollutants, in particulgrNgBl, O; and CO Dalsgren and
Isaksen 2006; Wang and Jacold998; Lelieveld et al. 2002). Whereas CO and ¢ldmissions tend to
reduce current global averag€dH levels, the overall effect of NOemissions are to increase OH
(Dalsgren and Isakse2006). Due to the large N@missions from shipping, this emission source leads to
guite large increase in OH concentrations. Since reaction with OH is the majof lngthane from the
atmosphere, ship emissions (for current atmospheric conditions) decrease the concentration of the
greenhouse gas methane. Reductions in methane lifetime due to shippimgri®etween 1.5% and 5%

in different calculationslLiawrence ad Crutzen 1999;Endresen et a12003;Dalsgren et al.2007;Eyring

et al, 2007).

51 NO, oxidation by OH leads to formation of nitric acid and nitrate. When nitric acid and nitrate
undergo dry deposition or raiabit may contribute to eutrophication or acidification in vulnerable
ecosystems\itousek et al] 1997;Galloway et al.2004). Sulphur emissions might reduce air quality over

land e.g. by contributing to sulphate particles and sulphate depositiop.e8i3sions from shipping are
oxidized to sulphate primarily in the aqueous phase (in cloud droplets and sea salt particles) and also in the
gas phase by the OH radical. The largest impact of shipping on sulphate chemistry is through the direct
emissions of S® However, increases in the OH radical due to, d@issions will enhance the gaseous
oxidation pathway. This pathway is important since it leads to new particle generation whereas aqueous
oxidation adds mass to existing particl€urrently shipping incr@ses the global sulphate loading with
about 3% Endresen et a/.2003;Eyring et al, 2007). But the relative load in some coastal areas is much
higher.Figure 14, taken frorDalsgren et al(2008), shows the impact of ship emissions on wet deposition

of nitrate andsulphur These are major components of acid rain. The largest contributions can be seen in
seasons with much rainfall on the west coast of the continents where westerly winds often prevail. Parts of
Scandinavia are vulnerable to acid precipitatdue to slowly weathering bedrockhe impact on this

region is large with a contribution above 30% in nitrate wet deposition af®b%0in sulphate wet
deposition. Coastal countries in Western Eurometh-westernAmerica and partly eastern America are



substantially impacted with relative contribution between 5% and. Zi#ilar numbers are found by
Endresen et al2003),Collins et al.(2007),Dalsgren et al(2007), and_auer et al.(2007).Marmer and
Langmann(2005) find large increases in sulphatethe Mediterranean Sea due to shipping. For other
particles than sulphate (Black carbon (soot), organic carbon, etc), the contribution from shipping is
moderate, a few percent in the most impacted ateage( et al, 2007;Dalsgren et al.2007;Dalsgren et

al., 2008). But it should be noted that the uncertainty of the amounts emitted of these components is large.
There is much concern about a number of health impacts of the fine anfinelteeerosols in polluted

areas Martuzzi et al. 2003;Nel, 2005. Severe shortand longterm influences on illness and mortality

due to effects on the cardiovascular system and lungs (for example lung cancer) occur with current
pollution episodes and average levels in large world citi#sl,(2004; WHO, 2003). A norhreshold

linear relationship with mortality and hospital admissions has been observed in several settings. Particles
like soot may also lead to soiling of materidlarbett et al(2007) estimates 20,000 to 104,000 premature
deaths globally related to ptizles caused by shipping.

52. Aerosols also have a direct effect on climate and visibility by scattering and/or absorbing solar
radiation, thereby influencing the radiative balanBenher et al. 2001; Ramanathan teal., 2001).
Whether this leads to an overall cooling or heating of the surface depends on several factors, like the ratio
of scattering and absorption (aerosols composition/properties), cloud fraction and surface albedo
(Ramanathan et gl 2001). Aeros@ can act as condensation nuclei, modify cloud properties and
precipitation rates, and through that have indirect climate effects. Aerosols may increase the number of
cloud drops, and thereby increase reflected solar radiation to space which lead tmg (catted

indirect effect Twomey 1974)). When the number of cloud droplets increases, this may decrease
precipitation efficiency. This could also result in an increase in cloud lifetime and ankawiim@n and

Koren, 2006), which increases the eftion of solar radiation (2indirect effect Rosenfeld et 312000)).
Reactions on aerosol surfaces may also modify the chemical composition of both the aerosol and gas
phases Tie et al, 2005). The effects of aerosols emissions from ships on cloadgsible as so called
shiptracks in satellite images. Narrow stripes shows up downwind of the ships as bright features in the
images &chreier et al.2007). Airborne measurements in a cldtek environment above a cargo ship
showed that approximatel2% of exhaust particles act as nuclei where clouds could tdaibbs et al.,

2000. Several studies show that the droplet concentration in theralhks was enhanced significantly
compared to ambient clouds and that the effective radius was reduaded et al.200Q Ferek et al.,

200Q Schreier et al.2006). The smaller water droplets are then less likely to grow into larger drops of
precipitation size, extending the lifetime of the cloud and increasing reflectivity. A satellite study of clouds
forming in the region of the English Channel showed a trend of increasing cloud reflectivity and
decreasing cloud top temperatui@eyasthale et al 2006), which may be related to increased ship
emissions. Nearby polluted land regions showed opposite trpratsably due to reductions in particle
emissions from land sources.

53. Radiative forcing (RF) calculations quantify the radiation balance at the top of the atmosphere
due to components affecting the radiation budg€tis a metric to quantify climate impacts from different
sources in units of W per ansince there is an approximately linear relationship between global mean
radiative forcing and change in global mean surface temperatarstér et al, 2007). Ship eimssions

impact the concentrations of greenhouse gases (mainly Ci) and Q) and aerosols, causing both
positive and negative contributions to direct radiative forcing (RF). In additiondshiyeed aerosols cause

a significant indirect RF, through chges in cloud microphysics (previous paragraph). Table 3 summarises
estimates of the preseday contribution of ship emissions to RF from several studiepdldo et al.,
1999;Endresen et al2003;Eyring et al, 2007;Lee et al, 2007;Lauer et al. 2007; Dalsgren et al.2007;
Fuglestvedt et al.2008). The range of values are wide, some of the uncertainties are related to use of
different emission distributions and totals. Much of the rest is connected to uncertain historical evolution of
long-lived canponents like C®and CH, uncertainties in chemical calculations for reactive components
(nonlinear chemistry), and the complexity and limited understanding of indirect effects. In summary, the
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studies indicate that ship emissions lead to a net globdihgodhis is different from other transport
sectors Fuglestvedt et al.2008). However, it should be stressed that the uncertainties are large in
particular for indirect effects, and RF is only a first measure of climate changes. It is also impdréaet to

in mind that the forcing from different components act on different temporal and spatial scales: A long
lived wellFmixed component like C{has global effects that last for centuries. Shorter lived species like
ozone and aerosols might have effect tire strongly regionally confined, lasting over a few weeks. The
regional aspects are important as weather systems tend to be driverobglrggdients in temperature.

2.4.2  Future impacts

54. Model studies of fture impacts from ship emissions are dependent on the projections used as
baseline for the emission calculations. Most scenarios for the near future, the 12€xyd#rs, indicate

that regulations and measures will be outweighed by an increase inneatflting in a global increase in
emissions. Assuming no changes in4sbipping emissiond)alsgren et al(2007) finds that the scenarios

for shipping activities in 2015 lead to more than 20% increase infid@ 2000 to 2015 in some coastal
areas. Ozonacreases are in general small. Wet deposition of acidic species increases up to 10% in areas
where current critical loads are exceeded. Regulations limitingulipiurcontent in the fuel in the North

Sea and English Channel (IMO regulations, discu2Sgaragraph introduction) will be an efficient
measure to reducgulphatedeposition in nearby coastal regions. Expected increased oil and gas transport
by ships from Norway and Northwest Russia, sea transport along the Northern Sea Route will have a
significant regional effect by increases of acid deposition in the North Scandinavia and the Kola Peninsula.
Augmented levels of particles in the Arctic are calculated, and thus the contribution from ship traffic to
phenomena like Arctic haze could be inciregsWith sea ice expected to recede in the Arctic during the

21* century as a result of projected climate warming, global shipping patterns could change considerably in
the decades ahea@ranier et al.(2006) uses one of the upper emission estimatez0fs0 fromEyring et

al. (2005b) and introduce some of the traffic into Arctic waters. During the summer months, surface ozone
concentrations in the Arctic could be enhanced by a factoil ®fa® a consequence of ship operations
through the northern passsy Projected ozone concentrations from July to September are comparable to
summertime values currently observed in many industrialized regions in the Northern HemiSpfedee.

et al. (2007) finds that at present ships are responsible f&01% of sulphur deposition in European
coastal areas. The contribution is expected to increase by 2020 to more than 30 % in large areas, and up to
50 % in coastal areas. Technologies exist to reduce emissions from ships beyond what is currently legally
required.Cofala et al. (2007) perform cosgffectiveness analysis for several possible set of measures.
Eyring et al.(2007) used results from ten stafethe-art atmospheric chemistry models to analyse present

day conditions (year 2000) and two future ship emissienaios. In one scenario ship emissions stabilize

at 2000 levels; in the other ship emissions increase with a constant annual growth rate of 2.2% up to 2030.
Most other anthropogenic emissions follow the IPCC SRES (Special Report on Emission Scenarios) A2
scenario, while biomass burning and natural emissions remain at year 2000 levels. Maximum contributions
from shipping to annual mean neanrface Qare found over the North Atlantic. Tropospherigf@cings

due to shipping are 9.8+2.0 mW/in 2000 and 2.6+2.3 mW/rin 2030 for the increasing ship scenario.
Increasing NQ simultaneously enhances hydroxyl radicals over the remote ocean, reducing the global
methane lifetime by 0.13 year in 2000, and by up to 0.17 year in 2030, introducing a negatiiee radiat
forcing. Increasing emissions from shipping would significantly counteract the benefits derived from
reducing S@ emissions from all other anthropogenic sources under the A2 scenario over the continents,
for example in Europe. Globally, shipping cohtries 3% to increases in; ®urden between 2000 and

2030, and 4.5% to increases in sulphate. However, if futureshipnemissions follow a more stringent
scenario, the relative importance of ship emissions will increase. A new model assessment ig currentl
being performed within the EU project Quantify, using new ship emission scenarios for 2025 and 2050
(Eide et al, 2008).
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2.5 Conclusion

55. Shipping activity has increasegignificantly over the last century, andpresents currently a
notable contribution to the global emissions of pollutants and greenhouse@es@ise thisjnformation
about the historical developmerftenergy consumption areimissions isimited, with little data published
pre-1950 and largéeleviations in estimates covering the last three decddhés study indicate global ship
CO, emissions in 1870 to be J@ (CG,), growing to be about 20Bg (CG,) in 1913. The main
development during this period was the transition from sail to steam pbalaps.

56. Global ship CQ emissions are estimated based on sales of bunker to be 229 7jgr(dO25,

growing to about 634 Tg (G in 2002 The corresponding SOemissions are estimated to be
approximately2.5 Tg (as SQ) in 1925 and 8.5 Tg (as $An 2002. The main developments during this

period were that oil replaced coal, and the transitionto a e¢fieselve r ed f |l eet . The maj o
emissions occur in the Northern Hemisphere within a well dgfgystem of international sea routes. The

most accurate geographical representations of the emissions are obtained using a method based on the
relative reporting frequency weighted by the ship size. When the global identification and tracking of ships

is implemented, usind.RIT technology,the potential for effective monitoring and reliable emission
modelling would increase significantly.

57. Activity-based modelling for the period 192000 indicates that the size atite degree of
utilization of the fleet, combined with the shift to diesel engines, have been the major factors determining
yearly energy consumption. Interestingly, the modelling from around 1973 suggests that growth in the fleet
is not necessarily folload by increased energy consumption. It is concluded that the main reason for the
large deviation between the activitpsed estimates are the number of days assumed at sea. Vessel type
and size dependency need to be better analysed and described to impraseuracy of detailed activity

based estimates. Available operational data indicate a strong dependency on ship type and size. It is
recommended to use yearly movement and tracking data availbleA[S) for individual ships to
increase the reliakiiy in model results. Results from this study indicate that reported ssdess not to be
significantly undeireported as previous activibased studies have suggested. Actibiaged studies have

not considered ships less than 100 @&1.today somel.3 million fishing vessels), and we suggest that

this fleet could account for an important additional fuel consumption.

58. Recent studies indicate that the emission o, D, and SQ by ship corresponds to about 2

3%, 1015% and 499% of the global anthropogenic emissions, respectiv@hip emissions of N§& CO,
NMVOCs and S@and primary particles cause problems in coastal areas and harbours with heavy traffic
and high pollution levels because of their impact ondmutmealth and materials. Particularly high surface
increases of shotived pollutants like N@ are found close to the regions with heavy traffic around the
North Sea and the English Channel. Model studies in general findcbi@entrations to be more than
doubled along the major world shipping routes. Absolute increases in surface Qgprrig to ship
emissions are pronounced during summer months with large increases found in regions with heavy traffic
(North Sea, fishing docks west of Greenland, thgliEn Channel, the western Mediterranean, the Suez
Channel, the Persian Bay). Some of these regions already suffer from high summer months ozone levels
due to pollution from nearby land sources. Increased ozone levels in the atmosphere are also of concern
with regard to climate change, since ozone is an important greenhouse gas. Formation of sulphate and
nitrate resulting from nitrogen and sulphur emissions causes acidification that might be harmful to
ecosystems in regions with low buffering capacity, hade harmful health effects. Coastal countries in
Western Europe, NortWestern America (and partly eastern America) and the Mediterranean are
substantially affected by ship emissions. Relative-gidpced increases are estimated to be in the range
5%-35% in wet deposition of sulphate and nitrate. Nitrate and sulphate aerosols and directly emitted
organic and black carbon (soot) affect the climate due to scattering/absorption of radiation (direct effect)
and impact on clouds (indirect effect). The larg®,Nemissions from ship traffic lead to significant
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increases in OH which is the major oxidant in the lower atmosphere removing several pollutants and
greenhouse gases. Since reaction with OH is the major loss of methane from the atmosphere, ship
emissionsdecrease methane concentrations. Reductions in methane lifetime due to shippingryNO
between 1.5% and 5% in different calculatiofke effect on concentrations of greenhouse gases, (CO

CH, and Q), and aerosols, have different impacts on the radidtadance of the earitmosphere system.
Ship-derived aerosols also cause a significant indirect impact, through changes in cloud microphysics. In
summary, most studies so far indicate that ship emissions lead to a net global cooling. This is different
from other transport sectors. However, it should be stressed that the uncertainties are large, in particular for
indirect effects, and global temperature is only a first measure of climate changes. It is also important to
have in mind that the forcing fromff&rent components act on different temporal and spatial scales. A
long-lived well-mixed component like CChas global effects that last for centuries. Shdived species

like ozone and aerosols might have effects that are strongly regionally and fastonly a few days to

weeks. The regional aspects are important as weather systems tend to be driveonhy geayiients in
temperature.

59. Projections up to year 2020 indicate a growth in fuel consumptiore igsion in the range of

30%. However, if more weight in the estimates of future trends is connected to the large increase in
emissions during the last few years, we obtain larger increases in ship emissions in the coming decades. In
any case, scenarios rfduture activities indicate a significant increase in energy consumption and
emissions. Our results for year 2050 indicate fuel consumptions between 453 avitl @B times

present level), with appurtenant emissions ranging from 1308 to®P{C0O,), 17 to 28Tg (NQ,) and 2

to 12Tg (SQ). The high and low estimates reflect the different assumptions with regard to future use of
low-polluting propulsion systems, low/ndossil-fuel-based fuel types, reduction means etc.

60. Model studies of future impacts from ship emissions are dependent on the projections used as
baseline for the emission calculations. Most scenarios for the near future, the 1284eH0s, indicate

that regulations and measures will be outweighg an increase in traffic leading to a significant global
increase in emissions from shipping. Global studies for the future including emission scenarios for non
ship land based sources indicate that the relative contribution to pollutants (ozongaiiCles) from
shipping could increase, especially in regions like the Arctic and $agh Asia, where a substantial
increase in ship traffic is expected. However, impact studies show that regulations could have positive
effects, if regional differenceare considered. One example is that limiting the sulphur content in the fuel

in the North Sea and English Channel (IMO regulations) seems to be an efficient measure to reduce
sulphate deposition in nearby coastal regions. Technologies also exist to esdgs®ns from ships
beyond what is currently legally required.



TABLES

Table :Per cent ages of Worl dbds tot al mer chant fl eet
of motive powe (from Fletcher, 1997).

Year Coal Oil fuel under Internal combustion
boilers (diesel) engines
1914 96.6 2.9 0.5
1922 74.1 23.4 2.5
1924 68.9 27.9 3.2
1927 63.9 29.3 6.8
1929 60.8 29.2 10.0
1935 51.0 31.2 17.8

Table 2: Estimated global coal bunksale, based on quantity of coal (Mt) leaving United Kingdom Ports
during selected years, 188934 §letcher,1997).

Year | Exported as| Shipped as| Total Estimated Emissions
cargo bunkgr Export MUK parts of Total co,
fuel bunker bunker (Mt)

sale?) sale’)

1870 10.2 3.2 13.4 8.6 11.4 30
1880 17.9 4.9 22.8 14.6 19.5 50
1890 28.7 8.1 36.8 23.6 31.4 81
1900 44.1 11.8 55.9 35.8 47.7 123
1913 73.4 21.0 94.4 60 80" 206

Y Engaged in foreign trade.

2 64% of the annual British coal export was usedipping.

® Assuming that Britain supplied 75% of the coal consumed as bunkers by all ships in the world fleet.
4 Reported byAnnin (1920, based on estimates presented by The United States Shipping board.

Table 3: Radiative forcing (mW/i) for year2000 from several studi¢€apaldo et al. 1999;Endresen et
al., 2003;Eyring et al, 2007;Lee et al. 2007;Lauer et al. 2007;Dalsgren et al.2007;Fuglestvedt et al.,
2008) The text in blue italics denotes positive forcing (warming) and théoleltlenotes negative forcing
(cooling).

Components CO, SO, CH, O3 BC ocC Indirect
Range + 26-43 +12-47 +11-56 +8-41 +1.1-29 | +0.1-:0.5 | +38600
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FIGURES

World fleet data (e.g. 96,000 ships) World marine
l l l sales (per
country)
Installed power Engine data Activity data
(ship/segment) (ship/segment) (ship/segment)

L l l '

Fuel consumption

Emission factors (e.g. CO,, NO,, SO,)
-

Global ship emission inventory (i.e. non-gridded)

Global ship traffic densities (e.g. AMVER, COADS) !
Geographical distributed emissions (e.g. NO,, SO,) :

] v
Modelling of impacts (e.g. acidification, climate forcing)

Figure 1: lllustrates the integrated modelling consepts for quantifying fuel consumption, emissions and
impacts from shipping.
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Figure 3: Development of C®and SQ ship emissions, based on estimated sales of marine fuel,
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period(From: Endresen et al2007).
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Figure 6: Calculated days at sea, basedd@ data for 50Gmall and medium sized ships (above &X0)
tracked in Noregian waters, first six moths of 2007 (data frarhe Norwegian Coastal Administratipn
Note that Offshore ships have low activity, as dynamic msilperations are not included.
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Figure 10: Indicative overview of possible future legislation initiatives, fuel and engine types available for
shipping, and technical and operational measures available for emission redtideoet @l, 2008).
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Figure 11: Vessel trafficdensities for year 2000 based on the AMVER daslVER,2001). Upper left All cargo and passenger ships in the
AMVER merchant fleetypper right Oil tankersjower left Bulk carriersJower right Container vessels (froEndresen et al2004b).
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