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1 Project description

In May 2003 BP-Marine in co-operation with P&O Ferries built a flue gas desulphurisation system

prototype manufactured by DME Canada into a channel ferry (“Pride of Kent”), operating between

Dover (UK) and Calais (France). To fulfil the legal requirements of Marpol Annex VI this seawater

scrubber should remove mainly SO2 from the exhaust gases. In addition other harmful emissions and

noise should also be reduced. The analysis of the liquid effluents as well as their influence on the

marine environment, especially that of the ports, was carried out by Terramare Research Centre in

Wilhelmshaven, Germany.

2 Summary

Within this project the effects of a seawater scrubber onto the environment were analysed. During five

sampling campaigns in 2004 the main focus was laid on pH, nutrients, temperature, trace metals,

polycyclic aromatic hydrocarbons (PAH) and plankton. Additionally one accumulation and two toxicity

tests were performed. For the observation of a whole annual cycle, samples were taken in February,

March, July, September and November inside the harbours of Dover and Calais and on board the

“Pride of Kent” (PoK). Inside the ferry’s seawater scrubber system very low pH values and high PAH

concentrations, even in the outlet, were measured. Sulphate and nitrate concentrations were also

higher on board than in samples from the harbour environment. Metal contents, especially of iron and

vanadium, which were leached from the steel, could also be detected in high amounts inside the

system. A decrease of the pH inside the ports or close to the ferry was never observed. Only in one

case the temperature was slightly higher in front of the effluent outlet. Although PAH concentrations

were high in the effluent, no increased concentrations were observed inside the harbours or in front of

the ship. Significant contents of heavy metals or eutrophication effects were also not detected. In

summary, no negative influence of the scrubbing system on the port environments was observed.



3 Introduction

1

3 Introduction

Marine diesel engines are among the most fuel-efficient combustion sources for moving goods

[Corbett and Koehler, 2003]. Nevertheless they also contribute significantly to air pollution (e.g.

Capaldo et al., 1999; Streets et al., 2000). In the past regulations have been passed which dealt

especially with the SO2 emissions from land based combustion sources. Examples for these are the

European Union Directives 1999/30/EC, 2001/81/EC and 1999/32/EC. But since there were no

sulphur limits for marine heavy fuel oils, these now contain a high amount of sulphur relative to other

fuels.

Burning of fuel gives rise to SO2 and SOx formation, which damages sensitive ecosystems and

buildings. In the marine boundary layer especially ships contribute to a high input [Capaldo et al.,

1999]. Another by-product of fossil fuel burning is the emission of NOx. In marine regions with high

traffic, ships may increase NOx levels significantly. Both, SOx and NOx and additionally soot particles

not only cause environmental damage but also health damage. NOx for example increases, as well as

volatile organic compounds, the formation of ground level ozone. If the O3 concentration is elevated

above national standard levels (US EPA: 0.12 ppm) it may cause lung and respiratory disorders.

Additionally some materials like rubber, nylon, plastic, dyes and paints might be damaged by ozone. A

study revealed that children from rural Ontario communities show a decrease in lung function and

higher susceptibility for bronchitis [Mac Phail et al.]. Also plants, e.g. agricultural crops and trees, are

negatively affected by increased ozone concentrations [WHO 1997].

SOx and also NOx are also responsible for the formation of acid rain. Acid rain describes a

phenomenon which has been known since the early 1970s and which has caused a number of

problems [Driscoll et al. 2001]. For example in soils cations like Mg2+ and Ca2+ are leached whereas

sulphur and nitrogen concentrations increase. Additionally the harmful dissolved inorganic Al3+

increases which influences the water uptake capacity of trees. Moreover tree mortality has risen

because calcium is leached from the needles of gymnosperms thereby increasing their susceptibility

to freezing injury. In lakes the acid neutralising capacity is still decreasing resulting in an increasing

acidification and aluminium contents resulting in a decreasing species diversity. Model calculations

show that only with a marked reduction in sulphur emissions a measurable chemical improvement of

the affected ecosystems is possible. In many areas, mainly close to the major shipping routes and

harbours, sulphur emissions from ships may equal natural sources. The European Environment

Agency estimates that shipborne contributions from international shipping in the North Sea and north-

east Atlantic Ocean to total European acidifying emissions may about double by 2010 as a result of

increasing marine traffic (Fig. 1, EEA, 2000).
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naphthalene (two rings) or phenanthrene and anthracene (three rings) are mainly found unbound in

the gaseous phase already a major fraction of the four-ring members like pyrene, chrysene and

benz[a]anthracene are bound to these carbon particles.

The formation of PAHs and a major part of all reactions that take place during combustion have been

presented by Duran et al. 2004. In addition to this pyrolytic formation there are several other PAH

sources such as petrogenic oil formation processes. In this case these compounds are created during

the slow maturation of organic material. With regard to the sources of PAHs there is a broad spectrum

of possibilities for them to enter the environment: industrial wastewater, street dust runoff discharges,

deposition of fossil fuel combustion particles, carbonized coal product spills, forest and grass fires,

volcanic particles, oil spills or natural oil seeps [Witt and Trost, 1999; Lake et al. 1979, Lee et al.

1981]. Usually PAHs are occurring in a complex mixture of isomers and alkylated isomers [Wise et al.,

1993]. Low molecular weight PAHs with two or three rings are present normally in dissolved form in

water or gaseous in atmosphere. The higher the molecular weight the more hydrophobic they behave

and the more they are bound to particles [Ahrens, Depree, 2004, Pleil et al., 2004, Doong and Lin,

2004]. Therefore highest PAH concentrations are to be found in sediments [Neff 1979; Pearlman et

al., 1984].

Taking all sources in consideration it is not surprising that PAHs have not only been detected in

sediments but also in the atmosphere, water and soils all over the world [Fung et al. 2004; Soclo et al.

2000; Potrykus et al. 2003, Prevedouros et al. 2003]. Because some of them are toxic [Bispo et al.

1999; El-Alawi et al., 2001], some inhibit plant growth [Sudhakar Babu et al. 2001, Marwood et al.

2001] and some are carcinogenic and mutagenic [ATSDR 1997] their distribution and behaviour in the

environment has been subject to several studies.

When PAHs are introduced into the environment several reactions may occur. Besides to the

described adsorption to particles and also dissolved organic material (DOM) [Sun et al., 2003],

photooxidation is one of the major reactions. In most cases these photooxidized forms are even more

toxic than the parent compounds [Sudhakar Babu et al., 2001; El Alawi et al., 2001; McConkey et al.,

1997; Ankley et al. 1994]. For example the photooxidized form of anthracene inhibits the

photosynthetic electron transport system [Huang et al., 1997]

Biological degradation, mainly due to microbial action [Weissenfels et al., 1992; Heitkamp and

Cerniglia 1989], is another important factor in alteration and reduction. In this case it has to be taken

into consideration, that degradation of combustion derived PAHs is expected to be slower for PAHs

from petrogenic origin [Yunker et al., 1996; Mc Groddy and Farrington, 1995; Gustafsson et al., 1997]:

In addition, the PAH concentrations [Yuan et al. 2001], the amount of total organic carbon [Hinga

2003; Webster et al., 2001] and the particle size [Schnelle-Kreis et al. 1999] seem to play a role in

removing and degradation of PAHs from or in the water.

Additionally it has to be taken into account that because of the different sources of these PAHs, they

show a distinct seasonal variability [Prevedouros et al., 2004] and also degradation might show

seasonality [Pohlman et al. 2002]. These changes concern mainly combustion-derived PAHs. During
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wintertime when there is lot of wood and oil burning, environmental concentrations rise. In some

regions forest fires in summer might also influence the seasonality.

The determination of the origin of PAHs is normally performed by the aid of different indices [Soclo et

al., 2000; Potrykus et al., 2003, Lake et al., 1979; see below]. All in all about 600 PAH-structures

[NIST 1997] have been classified and 16 of them have been defined by the United States

Environmental Protection agency (US-EPA) to be environmentally relevant [US-EPA 610]. These are

also the most common and best examined PAHs in the literature.

During the present study the impact of a Seawater Srubber (SWS) to reduce atmospheric emissions

was examined. The ship which was equipped with this technology was the "Pride of Kent", a ferry

operating between the harbours of Dover and Calais. The main focus of the survey was the harbours

and the seawater within the system of the SWS. Five samplings were performed, one sampling while

the SWS was not in use (11.02.2004) and four when the SWS was partially in use (March, July,

September and November), which means that only the seawater scrubbers for the auxiliary engines

were working.

Because both ports are influenced by tidal currents, the pH and the salinity showed a high natural

variability. In front of the outlet of the seawater scrubber no decrease in pH could be detected, but

effluent water was about 0.4 to 1.8 pH units lower than the inflow and the water within the harbour. An

effect on temperature could only be determined during the sampling in July and September.

Determined metal concentrations inside the harbour were mostly within the range of the used Atlantic

water salinity standard. The comparison between the SWS-inlet and the SWS-outlet water did only

indicate a rise of the zinc concentration which might haven been an effect of the sampling. Inside the

system iron and vanadium were increased but most of it was amassed inside the settling tank.

Within the harbours a seasonal variability of PAHs was determined with generally higher

concentrations in the winter, early spring and late autumn. Comparing the seawater inlet and outlet

samples, PAH-concentrations in the outlet were about two orders of magnitude higher than in the inlet.

Sulphate and nitrate were only increased inside the seawater scrubber but not inside the ports. The

toxicity tests did not clearly reveal an increased toxicity.
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4 Material and Methods

4.1 pH - buffer capacity of natural seawater

The aim of this test was to estimate the buffer capacity of seawater and the time necessary to reach

pH-equilibrium after acid addition. The results could aid to predict the influence of the Ecosilencer

impact.

Five different natural sea- and brackish water samples (Jade Bay, Wilhelmshaven, Germany; Ems

River, Papenburg, Germany; Odense harbour, Denmark; Dover harbour, England; Calais harbour,

France). The different seawater properties are listed in Table 1.

Table 1: Properties of the different river- and seawater samples used for the assays

origin salinity
[ppt]

pH sampling
temperature
[°C]

test
temperature
[°C]

Nassau harbour, Jade Bay,
Wilhelmshaven, Germany

30 8,0 3 22,5

Meyer Werft, Ems River,
Papenburg, Germany

0,3 7,71 3,1 22,6

Lindoe, Odense, Denmark 21,4 7,97 3,4 20,1
Calais harbour, France 18,3 7,81 7,3 22,4
Dover harbour, England 34,3 7,86 7,4 22,4

500 mL seawater each were acidified with a mixture of HNO3 and H2SO4 (1 : 1.48, v:v) to a final pH of

4.0. The mixing ratio of 1 to 1.48 was chosen because of the expected composition of the SWS

Ecosilencer effluent (sulphur content in fuel = 3.5 % and four main engines and two generators

running at 85 % MCR). The pH-value of pH 4 was chosen because of the worst case estimated pH of

the SWS Ecosilencer and cooling water mixture effluent discharges. The acidified water was then

mixed with the untreated seawater in different combinations (Table 2).

Table 2: Compositions of mixtures for pH buffer capacity test. (Mixtures in italics were not performed for every
assay)

acidified seawater
(pH 4) [mL]

natural seawater
(about pH 8) [mL]

stirring speed
[rpm]

50 450 250
100 400 250
150 350 250
200 300 250
250 250 250
250 250 250
300 200 250
350 150 250
400 100 250
450 50 250
250 250 0
1000 1000 250
500 500 250
250 250 1000
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were combined, reduced in a rotary evaporator to dryness, taken up in 1 mL DCM and, after addition

of InjSTD, analysed by GC MS.
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5 Material and Methods: Determination of environmental

parameters and pollutants

5.1 Sampling points, Sampling, Transport and Storage

5.1.1 Sampling in February and March

Samples were taken at nine different station inside the harbours of Dover (Fig. 3 and Table 3) and

Calais and at two (11.2.04) and twelve (24.3.04) places, respectively, inside the engine room of the

“Pride of Kent” during her operation inside the harbours and on the shipping route between Dover and

Calais (Fig. 2).

Fig. 2: Geographical position of Dover and Calais and route of the “Pride of Kent” in the Channel

As the Ecosilencer was not operative during the first sampling on 11.2.2004, only two samples were

taken from the seawater scrubber system: one from the inlet and one from the outlet. The samples

shown in Fig. 3 (left) were also taken from the seawater inlet. While the ship was entering the

harbours of Dover and Calais, samples were taken from the inlet and outlet. In the Channel additional

samples were taken at the points listed in Table 5 after some time of operation at normal load.

For the first sampling cleaned 2 L polyethylene flasks were used and rinsed with sample water before

filling. For the second sampling, the PAH-samples were stored in 1 L amber glass bottles (baked out

at 250 °C for 24 h and rinsed with 5 % HCl). Each one was filled with 1 L of sample and after that 5 mL

50 % HCl and 1 mL 3 % sodium thiosulphate were added to deactivate free chlorine and to prevent

samples from microbial degradation. For nutrient and metal samples 1 L polyethylene flasks treated as

the other polyethylene flasks mentioned before were used.


