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PREFACE

This work has been conducted for Norsk Viftefabrikk A/S by contract of
October 11th 1979. The report is based on two previous reports to the
Norwegian Water and Electricity Board (Bjerkeng and Knutzen 1978, 1979),
with supplementary comments respecting two altermative treatment
procedures (aeration with or without lime admizture) to reduce the
potentially deleterious effects caused by the acidifying and oxygen

demanding character of the untreated effluent.

After appearance of the above reports, Norsk Viftefabrikk A/S has
performed studies with a pilot scrubber at the coal fired power plant
of I/S Vestkraft, Esbjezg, Denmark. As a result of these studies the
estimated discharge of metals has been reduced 75% compared to previous
data about effluent composition. Comsequently, the conclusions with

regard to possible metal pollution have been somewhat modified.
Fil.kand, Jan Magnusson and cand.real. Lars Kirkerud have contributed

to this work, respectively on the hydrography of the Oslofjord and

concequences of pollution by metals and oxygen consuming material.

Oslo, April 10th 1980

-

7
Jon Knutzen
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SUMMARY AND CONCLUSIONS

The possible ecological concequences of the seawater scrubber effluent
from the Flakt-Hydro Sulfur Dioxide Removal Process applied to a

1200 MWe coal fired power plant have been evaluated. Information on
effluent characteristics (metal concentration, pH, chemical oxygen
demand) are based on metal content of the coals, percentage retention
of different metals in electrostatic precipitators and studies with a
pilot scrubber. Further, the evaluation is based on dilution and
dispersal calculations primarily relevant for the proposed power plant

sites in the Oslofjord area (fig. 5). Two alternative discharge arrange-

ments are considered, respectively without and with effluent treatment

(See fig. below, with broken lines marking treatment units and
processes). The alternative effluents are considered with respect to
acidity, oxygen demand and content of metals and polycyclic aromatic

hydrocarbons.

Scrubber

7,2m3/s 36m3/s .
Cooling water {30 m)
Flue gas from
elektrostatic Venturi
precipitators l B 36m3/s
Ash deposit ﬁ; I se” ! S Surface fayer

LA

1

!

!

Air
' 7,2m3/s 36m3/s
Scrubber 4 Cooling water
Flue gas from _ 28,8m3/s
elektrostatic Venturi CaO = Surface layer
. } i CaO
precipitators ] v 3
| -
: FTRRITTETg 7.2mYs -
Ash deposit tr_oeSl 1 + 50m
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Scrubber effluent may be discharged to the surface layer together with

the cooling water, or from a separate outlet at about 50 m depth.

Initial turbulent jet mixing results in diluted effluent being trapped
by the density stratification in a layer of limited thickness, spreading
horizontally outwards from the outfall area by gravitational forces.
Dilution and entrapment depth are calculated by an established theory
for turbulent jet mixing, but the limitations in gravitational transport

capacity for the outfall as a whole is also considered.

Qutside the close vicinity of the outfall, the effluent is thought

to follow shifting recipient currents, spreading normally to current
direction by gravitational forces and diffusion. A simplified model
of such dispersion is used to estimate the extention of water volumes

with effluent concentrations above given limits.

Concentrations for the whole recipient area are calculated from
rough estimates of water renewal, based on current measurements and

hydrographic data.

The result of the calculations are summarized in the following

tables:

EFFECTS ON WATER QUALITY IN RECIPIENT FOR MIXED OUTFALL TO SURFACE
LAYER. Alternative 1A: No Treatment, 1B: With treatment.

Dilution Water masses affected Water quality at dilution S
limit by effluent in dilution S
S pH O,-contents
Max. Horizontal Volume (mg/1)
distance area (10%m3) ia 1b la 1b
(km) (kmZ) '
1 - - - 5.3-6.1 6.0 -8 2
2-3 2 2 2 6.3-6.7 7.0 1 5-6
5 5 5 5 6.8-7.0 7.5 4.5 87
10 15 20 30 7.1-7.4 7.8 6.5 7.4
20 40 150 350 7.3-(7.6) 7.9 7.0 7.7
30-50 - ~300% ~3000% 7.7 8.0 ~7.5 7.8
Background 8.0 8.0 8.0 8.0
values
* Whole surface layer of outer Oslofjord.
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EFFECTS ON WATER QUALITY IN RECIPIENT FOR SEPARATE OUTFALL OF
SCRUBBER EFFLUENT AT 50 m DEPTH. Alternative 2A: No Treatment

Alternative 2B: With treatment.

Dilution Water masses affected 1 Water quality at dilution 8
lxglt by effluent in dilution - § pll 0,-contengs
Max. Horizontal Volume (mg/1)
distance area (10%m3) 2a 2b Za
(km) (km2)
1 - - - 3.0 6.0 -70 -10
S 10 0-0.4 0-0.6 0-0.8 [6.3-6.5 7.7 -1 4-5.8
< s 0-0.8 0-1.5 0-2.5 16.6~6.7 7.85 0.4-3.4 4,5-7.3
< 25 0-2 0-5 0-10 6.8-7.1 7.9 2.4-5.4 4.9—7.8
< 40 0.2-5 0.1-12 0.2-34 7.0-7.3 "~ 8.03,6-6.6 5.1-8.1
< 60 0.7-12  0.5-40 1.5-140 | 7.2-7.5 4.2-7.2"5.3-8.2
< 100 >2 1.5-150% 8 ~6000% | 7,4~(7.7) 4.7-7.2 5.35-835
<250, >8 10 -150% 120-6000% | 7,7-(7.9) 5.2-8.2 5.45-8.4
Background values
8.0 8.0 5.5~8.5 5.5-8.5

* Total area and volume for outer Oslofjord between 20m and 60m depth.

With reservation for lack of data from adequate, long~term and life
cycle studies of representative marine organisms, there is a risk

that mixed discharge of cooling water and untreated scrubber waste

water to the surface layer will harm the marine communities.

In the Oslofjord, the untreated effluent will cause a mean pH reduction
close to 0.5 units in the upper 10 m of an area corresponding to the
outer part of the fjord (table above, fig. 5). The resulting conditions
would be particularly hazardous for sessile, benthic organisms, but

may also affect phytoplantkton primary production. Aeration of the

above effluent will reduce the seriously affected area and

volume of surface water masses with at least 90%.

By separaté, deep water discharge of untreated scrubber effluent

lowering of pH would be restricted to intermediate layers,
and to a relatively minor part of the total pelagic environment.
Respecting pH effects this discharge arrangement would be more

acceptable, as primary production and shallow water biota would
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not be exposed. Lime treatment and aerations followed by deep

water discharge would make the pH effects negligible.

In spite of high chemical oxygen demand the untreated, separate

discharge of scrubber effluent to 50 m depth will not

cause serious oxygen deficit in the primary recipient area with

the exception of water masses close to the outfall (cf. above table).
However, under the circumstances in the Oslofjord, the oxygen
consuming pollutional load must none the less be deemed unacceptable
for some of the outfall sites. This is because of the deteriorating
effects on the oxygen environment of the inmer Oslofjord, which is

already critical for bottom fauna and demersal fish.

Treatment with lime and aeration will reduce the oxygen demand of
the effluent abouf 807. Generally, this will make the effluent
acceptable for many recipients. However, the COD load from the
treated effluent corresponds to the organic content of untreated
municipal sewage from about 70 000 persons, which may be significant

in land-locked and/or polluted waters.

Significantly  harmful effects due to oxygen consumption is not

to be expected from surface layer discharge of mixed scrubber and

cooling water. Even without treatment the water volume with oxygen

content below 4.5 mg O03/1 would be small.

Possible metal pollution is difficult to evaluate due to considerable
variation in the metal content of coal (table 1). Further, there is
need for more information about the collection efficiency of the
electrostatic precipitatiors with regard to the individual elements
and also their distribution between the air and water phase. It is
assumed here that a mean of 257 of the amount passing the filters
follow the waste water. For mercury in particular this may be an

overestimation.

‘Assuming "normal' metal concentrations in coal (table 1) only

beryllium, mercury and lead are discharged in amounts giving
overconcentrations several times higher than the background level

in oceanic water. These overconcentrations will be restricted to
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to relatively small water wolumes in the vicinity of the outfall
Even with high estimates of metal content in coal, the risk of
toxic effects is moderate. (Cf. table 10 with tables 4, 7).
Reservations must be taken, however, due to lack of data from
long-term tests and insufficient knowledge about possible syner-

gistic effects.

The risk of accumulation to unwanted metal levels in seafood
organisms probably is small and should not give rise to serious
concern, provided that the assumed metal levels in the effluent

holds true.

Based on present information mercury seems to be the critical metal

both with regard to poisonous effects and biocaccumulation.

With regard to the effects of metals, deep water discharge probably
would be preferable in most (but not all) cases. The reason for
this is avoidance of stress in the zone of primary production and on

shore and shallow water organisms.

The amounts of polycyclic aromatic hydrocarbons (PAH) and other
organic micro pollutants in the scrubber effluent are not known.
There is some indications from flue gas analysis that the quantities
of PAH from modern beoilers are rather small. If, on the other hand,
high estimates should appear to be correct, at least some categories
of recipient areas would experience accumulation problems warranting

serious concern.

Particularly for the evaluation of the effects from large amounts
of scrubber water, there is a need for long-term biotest data on
the effects of moderate pH reduction on different life stages of
representative marine species. In connection with such tests one
should be aware of the influence of pH-reduction on the equilibrium
between simple ions and other dissolved forms of those metals which

may act toxic in concentrations close to natural levels.



1. INTRODUCTION

Flue gas from fossil fueled power plants contain considerable amounts of
several pollutants, among them particles, oxides of mitrogen and sulfur,
polynuclear aromatics and metals. Emittance of these substances may have
serious conéequences for the atmospheric enviromment, freshwatev and soil

resources.

Common protection measures include removal of most particulate matter and
the utilization of fuel with low sulfur content, Various flue gas
desulfurization processes have also been put into use. Among the most

promising of these are sea water scrubbing.

The transfer of sulfur oxides from air to water, however, results in an
acid effluent in spite of the high buffer capacity of sea water. The
considerable quantities of water required in the scrubbers of large power
plants may give rise to unwanted effects in the receiving waters. Besides
lowered pH the scrubber effluent is characterized by a high chemical oxygen
demand (COD). It also contains some metals and organic micropollutants
(polycyclic aromatic hydrocarbons, related heterocyclics and others);
mostly associated with particulate matter. The concentrations of metals

and organics are largely unknown since there ar no coal fired power plants

with sea water scrubbers installed.

The discharge of cooling water may represent an additional stress on marine
biota in terms of increased temperature and residual chlorine. These stress
factors have been the subject of thorough reviews elsewhere, and are

not considered here.



2. OUTLINE OF ALTERNATIVE TREATMENT PROCESSES AND DISCHARGE ARRANGEMENTS

From the boilers the flue gas passes electrostatic precipitators and a clo-
sed liquid 1loop venturi scrubber before it enters the "once through' sea

water scrubbers. The electrostaticprecipitators remove approximately 99.57
of the flue gas content of particulate matter. The removal efficiency varies

somewhat according to the characteristics of the coal.

About 1/5 of the cooling water is utilized in the scrubbers. Scrubber eff-
luent and cooling water may be discharged together (altermative 1) or
separately (alternative 2). In the first case the effluent may be discharged
without further treatment (la) or aerated to reduce the acidity and COD (1b).
By separate outfalls the scrubber water may be discharged without treatment

(2a) or treated with lime and thereafter with air and lime (2b).

Effluent treatment, intake and discharge depth must be considered in rela-
tion to recipient conditions, economy, etc. In the following, the above
mentioned alternatives (figs. 1-4) are evaluated with localities in the
Oslofjord area as examples (fig. 5). The flow of scrubber and cooling water

denoted in figs. 1-4 concerns a 1200 MWe coal fired power plant.

7,2m3/s 36m3/s
= Cooling water (30m}

Scrubber

Flue gas frem Venturi
electrostatic > ven
precipitators (EP ) l
. 36m3/s
. 4 -»  Surface layer
Ash deposit
Fig. 1. Alternative la. Intake depth 30 m. Combined discharge of scrubber

and cooling water to surface layer. No treatment of waste water.
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7,2m%/s 3Bm3/s
Scrubber < Cooling water {30m)
Venturi
l ¥ 36m3/s
Ash deposit > Surface layer

Oxidation unit

Air

2. Alternative 1b. As la, but with aeration of the effluent.

7,2m3/s 36m3/s
- Cooling water {30m)

28,8m3/s

Venturi e - Surface layer

l 7.2m3/s

Ash deposit

~p « 50m

3. Alternative 2a. Intake depth 30 m. Separate discharge of
scrubber effluent ( to'about 50 m depth) and cooling water (to

surface layer).
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7,2m3/s 36m3/s
Cooling water (30m)

3
28,8m°/s » Surface layer
Ca0
Flue gas i i
Venturi
from EP
l 7.2m3/s
> ~ 50m
Ash deposit

O xidation unit
Air

Fig. 4. Alternative 2b. As 2a, but treatment of scrubber water with lime

and aeration.

Total lime consumption is about 5.5 t/h (0.8 mole Ca per 1 mole SO. removed).

2
About 57 residue of particulate matter (mainly MgO, 8102, CaCOB) will go to

the recipient. Lime may be replaced by lime stone and hydrated lime.
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3. POWER PLANT AND EFFLUENT DATA
Size: 2 units of 600 MWe, 7000 hours per year.

Coal consumption: 2.8 x 108 tons per year, i.e.V400 t/h.

Sulfur content of coal: 17Z. This is presumed to be a reasonable estimate of

the mean sulfur concentration. Mostly, the sulfur content of coal deposits
will be less than 17 (Swedish Department of Industry/Energy Commission 1978,

L¢vblad, 1977). In some cases, however, it may be considerably higher.

Ash content of coal: 157

Cooling water: 36 m3/s.

Scrubber water: 7.2 m3/s.

. o, .. . .
Temperature increase of effluents: About 12 °C in cooling water and mixed

effluent and about 18°C in separate scrubber effluent.

Suspended solids: About 300 kg/h, i.e. about 12 mg/l (in lime treated
scrubber effluent of 7.2 m3/s).

Sulfur dioxide: About 8 t SOZ/h. By evaluation of the consequences for the

water recipient it is assumed that 57 of the sulfur is removed with the ash,

Thus 957 goes to water.

COD: The chemical oxygen demand will vary with the alternatives shown in
figs. 1-4. Even if the COD is higher than the natural oxygen content of the
sea, the oxidation of sulfite to.sulfate takes some time, also depending on
pH (Gramme & al., 1974). By relatively high pH (above 5.5-6.0) the complete
consumption of the natural oxygen content of sea water will take place within
a few minutes or even less than a minute. This applies to alternative 1a,

but not alternative 2a, in which pH is considerably lower. However, in order
to facilitate dilution calculations and comparison between the

alternatives, COD is given as theoretical gross values for both these alter-

natives. For the alternatives with aeration (1b, 2b), values are given as
indicated by the percentage reduction of sulfite as measured in pilot plant

tests by A/S Norsk Viftefabrikk (unpubl.).
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Alt. 1a (fig. 1): ~ 16 mg 0y/1

Alt. 1b (fig. 2): " 4.8 mg 0,/1 (70%Z reduction of original COD. At the -
same time 807 oxygen saturation in the
effluent.)

Alt. 2a (fig. 3): ~ 77 mg 02/1

Alt. 2b (fig. 4): ~ 15 mg 02/1 (v 80% reduction of original COD and

about 807 oxygen saturation in eff-
luent water).

The untreated effluent represent a load of approximately 50 t COD per day,
corresponding to the content of organic material in domestic sewage from

about 350 000 persons (Bjerkeng and Knutzen 1978 ). It should be stressed

that the content of plant nutrients in municipal sewage (phosphorus and

nitrogen compounds) may cause primary production representing several times -

more organic matter than the organics directly discharged.

pH: Varies with the alternatives presented in figs. 1-4.
Alternative tfa (fig. 1): ~ 5.7 (somewhat depending on the speed of oxida-
tion of sulfite to sulfate, see fig. 6).

Alternative 1b (fig. 2): ~ 6.0. (Increase in pH due to stripping of CO2 by
aeration).

Alternative 2a (fig. 3): < 3
Alternative 2b (fig. 4): ~ 6.0

Metals: The metal content of coal shows considerable variation between
different deposits. By the combustion and the subsequent flue gas treat-
ment the metals are distributed between boiler bottom ash, particulate
matter collected by the electrostatic precipitators and the venturi scrub-
ber, the stack gas and the water effluent. The proportions ending up on
site, in air or water, will depend on the metal in question, coal characte-
ristics,combustion conditions, and other details of the treatment equipment,
operation and maintenance. Consequently, neither input nor removal
efficiency of each treatment stage can be stated in exact terms. Table 1
contains estimates based on available data. Figures for element concentra-
tions in coal and percentage passing the electrostatic precipitators are in
accordance with data given in a report from the Swedish Industry Department/
Energy Commission (1978). Values in parenthesis refer to extreme
concentrations quoted in the same report or Ldvblad (1977). For mercury
there are indications that the efficiency of the electrostatic filter may

be considerably higher than it appears from the table (cf. ref. in Norsk -

Viftefabrikk A/S, 1979, unpubl. report).
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Table 1. Estimates of metal discharge in the water effluents from a
1200 MWe coal fired power plant. High estimates in parenthesis.
Increase in ambient sea water concentrations given for mixed
effluent (alternative 1, figs. 1-2) and for separate discharge of
scrubber water (alternative 2, figs. 3-4). For further comments,
see text.
Element | Conc. in Zlgiiiizﬁa— Discharge | Increase inmetal conc.
coal, g/t tic preci- | PeT year ug/1
tator . kg Alt. 1 Ale. 2
As 5.0 (15) 1.8 63 (190) 0.07 (0.21) 0.35 (1.1)
Be 1.5 (K5) 2.0 21 (K60) | 0.02 (<0.06) 0.10 (<0.30)
cd 0.2 (2.5) 2.9 4 (50) | <0.01 (0.05) 0.02 (0.28)
Co 6.0 (18) 0.67 28 (85) 0.03 (0.09) 0.15 (0.45)
Cr 12.0 (30) 1.2 100 (250) | 0.11 (0.28) 0.55 (1.4)
Cu 15.0 (24) 0.47 50 (80) 0.06 (0.09) | 0.28 (0.45)
He 0.1 (0.5) | 90.0 63 (315) | 0.07 (0.35) | 0.35 (1.75)
Mn 40.0 (225) 0.47 130 (730) | 0.14 (0.80) 0.71 (4.0) |
Ni 15.0 (45) 0.43 45 (135) | 0.05 (0.15) 0.25 (0.75)
Pb 10.0 (60) 3.9 275 (1650)| 0.32 (1.9) 1.6 (9.5)
Se 2.0 (3.7) 1.8 25 (45) 0.03 (0.06) 0.15 (0.28)
v 25.0 (80) = 1.0 175 (560) | 0.19 (0.60) | 0.95 (3.0) !
Zn 45.0 (270) | 1.9 600 (3060) 0.65 (3.3) 3.2 (16.5) |

Amounts discharged to water have been calculated on the basis that about

1/4 of the quantity passing the electrostatic filters will end up in the

water. According to introductory pilot plant investigations (Norsk Vifte-

fabrikk A/S, 1979 unpubl. report), this may be taken as a reasonable mean.

In practice one must expect considerable variations between metals, and

further experimental data are needed.
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Organic compounds: The formation of polycyclic aromatic hydrocarbons (PAH)

and heterocyclic compounds is known to take place, but the amounts of can-
cerogenic and other substances are much disputed. Estimates of PAH and

benzo (a)pyrene (B(a)P) range from 0.1-10 and 0.01-1 mg/kg coal, respecti-
vely (Swedish Department of Industry/Energy Commission, 1978 ). For the
power plant in question this gives 0.3-30 t PAH and 0.03-3 + B(a)P per year.
In large and modern boilers it is believed that the lowest figures are most
probable (Alfheim & al., 1978, Alfheim and Gether, 1978). Again, as for
metals, one lacks data for the distribution between the air and water pha-

Ses.

Chlorinated compounds: In the mixed scrubber and cooling water effluent

(alternative 1) residual free chlorine and chlorinated compounds probably
will be largely neutralised by the reducing power of the scrubber water.
In the other cases (alternative 2), the concentrations of hypochlorite,

chlorinated amines, etc. will as usual depend on the chlorination procedure.
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4. DILUTION AND DISPERSAL OF EFFLUENT

4.1 General description of recipient

The effects of the different effluent alternatives have been studied theore-
tically for locations around the Oslofjord in Norway. The area is shown in

fig. 5, with location alternatives marked.

The Oslofjord consists of two distinct parts. The inner fjord north of
Dr¢bak kas a surface area of about 200 km2 and maximum depth around 150 m.
The deep layers of the inner fjord are closed off by a sill of depth 20 m at
Drgbak. The rest of the fjord has a maximum depth of 350 m, and is open to-

wards Skagerrak down to 100 m depth.

The fjord is usually divided into a central part between Dr¢bak and Horten-
Moss, and an outer part extending south to Ferder. In this report we take
the fjord between Drgbak and T¢nsberg as being the main recipient for the
effluent. This part of the fjord has a surface area of ~ 300 kmz, and a
maximum depth 300 m. About half of the bottom area has a depth of more than
50 m. The locations are not studied individually, though some differences
are pointed out. The locations at Larvik are not studied specifically. The
near zome concentration are assumed to be about the same for these locations
as for the others, but the overall recipient concentrations calculated does

not apply.

The Oslofjord has two major freshwater sources. The river Dramselva dis-
charges about 300 m3/s into the Dramsfjord connected to the northwestern
part of the central Oslofjord, and the river Glomma about 700 m3/s into

the southernmost part of the fjord, at Fredrikstad.

As a result the Oslofjord has a brackish surface layer of thickness 10-20 m
and with salinities in the range 10-25 °/oo. Below the surface layer, and
separated from it by a layer of rapidly changing salinity and density, are
intermediate layers, where salinity increases more slowly with depth. The
water may be quite homogeneous below 20 m depth, but usually there is a

significant gradient down to 50-100 m depth.
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Hydrographic data and current measurements show that the central part of
the fjord is not dominated by stationary flow patterns. Water in all depths
are renewed by large horizontal movements into and out of the fjord, with
corresponding vertical displacements, due to outside hydrographic changes

and variations in meteorological conditions and fresh-water discharge.

4.2 General description of dispersal processes

The effluent is assumed to be discharged in submerged, turbulent jets, di-

rected horizontally into the recipient.

The cooling water outfall nearsurface will consist of relatively few, rather
large jets, with initial diameters 1-3 m. The scrubber effluent will be mixed
into the cooling water (alternatives la, 1b) or discharged at about 50 m depth
through a diffusor arrangement (alternatives 2a, 2b), consisting of one or
more long pipe segments with a large number of holes along the sides. In

the latter case the jet diameters are 20-40 cm.
Jet velocities are assumed to be in the range 2-4 m/s.

The dispersal of the effluent will in principle take place in the same way
for both outlet arrangements, with quantitative differences due to outflow

magnitude and discharge depth.

In the first phase after discharge the jets move along defined trajectories,
mixing violently with recipient water because of the created turbulence, and

thus increasing in volume flux and changing in density.

The cooling water, taken from 30 m depth and discharged at the surface,

will normally be heavier than the surface water in the recipient, even with
a temperature increase of 10°C. The jet trajectories will be deviated down-
wards, and the mixed effluent is trapped in a submerged layer around the
depth where the density of diluted waste water, decreasing from mixing, just

equals the ambient density, increasing with depth.

For separate discharge of scrubber water at 50 m depth the jet density will
be less than ambient density at discharge depth due to density difference

between 30 and 50 m depth in the recipient, and this is increased by the
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temperature increase of 18 °C. The jets will rise towards the surface, and
be trapped in a layer around the depth where the increasing jet density

equals the ambient density.

If there is no practical limits to the available amount of dilution water,
and the jets do not interfere with each other, primary dilution and resul-
ting depth are determined by the dynamics of each individual jet. A theory
presented by Fan and Brooks (1969) was solved numerically by a computer

program (Bjerkeng and Lesj¢, 1973) to give those values for varying outlet

conditions and observed density profiles.

The estimates given by this theory will be achieved if the natural currents
in the recipient transports the necessary amounts of dilution water through

the outfall area.

In situations with more stagnant recipient conditions, the dilution may be
further limited by the capacity of the recipient to transport dilution

water towards the outlet area, and diluted effluent out from the area.

When a plume of relatively homogeneous density is trapped in a stagnant
recipient where density is varying with depth, gravitation will create
horisontal pressure gradients, spreading the plume out in a layer of
limited thickness. In the close vicinity of the outfall the gravitational
spreading will dominate in all directions. Similar pressure gradients will

draw dilution water towards the mixing area.

For both types of flow there is an upper limit to the amount of water which

can be transported through a given cross-section.

This is the critical flow, which for a single flowing layer in an otherwise

stagnant recipient is given by the equation

4

he = (“ﬁ%‘ )

flowing layer thickness at the critical cross-section.

@]

i

where h
c

Q
N

il

total volume flux

il

measure of stability (Brunt -~ VHisdla - frequency)

defined by

2 _ g de
N o) dz



b = horisontal width of c¢ritical cross-section

g = gravitation constant (2 9.81 m/sz)

) = water density

z = depth

Yy = dimensionless coefficient, with empirical values

2 for surface or bottom flow,

2.8 for intermediate flow

The equation may be deduced by simple application of Bernoullis equation on
outward front spreading of an intermediate layer or for flow towards a sink
('selective withdrawal") and represents the situation with lowest possible

total energy for a given volume flux and a given density gradient.

The mean velocity is given by

u = alNh, a =~J§ (2>
Y
An incoming flow of dilution water, drawn radially towards the outlet

area, will be fetched from a stagnant layer of thickness
_ 3
h = 5 h (3)

The critical width b is determined either by bottom topography, or by the

extention of the outlet arrangement or the mixing area.

For an outflowing layer, towards increasing width, an energyconservative
flow at given b would become super-critical for larger b~values. Such a
flow is unstable, and may be expected to dissipate its excess of kinetic
energy, so that equation (1) is approximately valid for increasing dis-
tance (and width), with decreasing u and hC (maybe somewhat increasing Q

due to mixing).

The equations assume that the waters above and below the flowing layer are
stagnant, and are therefore strictly speaking not valid for a two-flow
situation, where there is an incoming flow just below or above the out-
going flow. The restrictions may therefore in reality be somewhat stronger

in terms of necessary thickness for given flows than calculated.



Estimates of gravitational spreading from eq. (1) compared to observed
currents in the recipient indicate that the gravitational forces will domi-

nate in all directions merely within a few hundred meters from the outlet.

'Fprther away the effluent is supposed to be transported as a plume follo-
wing the currents of the recipient, and spreading out horizontally and
vertically in the cross-section normal to the flow. With recipient currents
changing in velocity and direction over time this is expected to create
"patches" of varying size and concentrations above the overall values for

the affected layer in the recipient.

A theory for such plume spreading is outlined in an appendix. Spreading is
calculated by this theory under varying conditions for a stationary plume,
and the results are assumed to describe statistically the extent of giVen

concentrations also for varying recipient currents.
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4.3 Effect of SOy on pH and oxygen content as a function of dilution

Abdulsattar et al. (1977) have calculated pH in seawater theoretically as
a function of SO,-content, in a closed system with no free oxygen present.

Calculations are made for the equilibrium of the following set of chemical

reactions _ ot
50, + H,0 — H +HSO,
HSO.~ — H +S0, --
37 = 3
+
Co, + H,0 — H,CO, — H +HCO,-
+
HCO,- — H'+ COy —
+
— [ + o
HSO,- — H'+ S0,
+ -
gty onm — 1m0

with mass-balances for COZ’ SOZ’ SO4 and electro-meutrality condition.

According to Bromly (1972) and Gramme et al. (1974) SOB—— will oxidize by
the reaction

SO + L0, —>s0,

3 2 72 4

in about 1 hr for pH ~ 4, in a few minutes for pH ~ 7. The reaction will de-
plete oxygen content of the water, and for pH-values below % 6.0 the acidity
will increase compared with no oxidation (Bromley, 1972, see also fig. 6).
This effect can be meutralized by aeration, leading to an increase in pH due
to stripping of carbon dioxide from the liquid.

Maximum 10% of the amount of SO2 is assumed to be oxidized by oxygen from
the flue gas. Oxygen will mainly be taken from the effluent and the reci-

pient water.

In table 2 oxygen data are given
chapter 2. The values for oxygen

data for the recipient, and from

for the four alternatives outlined in
content are estimated from hydrographic

tables of oxygen saturation values.



Table 2. Oxygen values in effluent and recipient
Outlet Oxygen demand Initial oxygen Oxygen content
alternatives in effluent reserve 1n eff- in dilution water
COD luent R Co
(mg/1) (mg/1) (mg/1)
Alt 1la: 16 8 8
Alt 1b: 4.8 ~vo6.5 8
Alt 2a: 77 o7 N7 f
Alt 2b: ‘ 15 v 5.5 ~No 7

‘The effluent will have an oxygen content of R-COD if oxidation is complete.

For a dilution factor S, the oxygen content will be:

Co (S=1) + R = COD
S

moving towards Co as S increases.

The expected effects on pH by alternative effluents and dilutions are

summarized in fig. 6.
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4.4 Estimated effects of effluent on water quality of outer Oslofjord

4.4.1 Mixed outfall of cooling water and scrubber effluent to the surface

Calculations were performed for three alternative outlet arrangements,

shown in table 3.

Table 3. Assumed alternatives, mixed outfall. Velocity 2 m/s, volume

flux 36 m3/s.

Alternative Nr. of jets Jet diameter Depth ;
(m) (m) ‘

I

1 ‘ 2 3.4 1.7 f

IT 8 1.7 |
11T 32 0.8 |

Calculations are based on two density profiles for each of the five loca-
tions, observed 1.-2. June 1978 and 10. August 1978. The profiles were ob-
served specially for this purpose, and gave a more detailed description of

the surface layer than usual.

Primary dilution and depth of the effluent plume were first calculated
without regard to the limited transport capacity in the recipient. These
calculations indicated dilution factors 3-4 for alt. I, 5-9 for alt. 111,
with enlrapment depth 5-7 m and 1-6 m respectively, varying with location

and date.

When compared to the required thickness of the incoming flow of dilution
water at the surface according to eq (1), the results were seen to be
clearly unrealistic, because the diluted effluent would be found inside the

incoming layer.

A new calculation was therefore made, with mixing coefficient reduced to
2/3, to indicate the distortion of the density profile near the jets accor-

ding to eq. (3).
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The conclusion is that for two large jets near surface the mixed effluent
will normally be trapped in a layer at 5-10 m depth with a mean dilution
factor of about 3, about 2 in the center of the layer. Even for the largest

number of jets considered dilution factors below 5 must be expected.

1f the effluent is discharged some distance below surface (v 5 m) dilution
may be increased 25-50%. Horizontal distance between each jet should be 80,

45 and 30 m respectively, for the three alternatives.

The low dilution factors are due partly to the strong stratification in the
surface layer, which means the effluent moves a small vertical distance be-
fore being trapped in a horizontal layer, and partly to the restricted

transport capacity of the recipient.

For the surface layers of the recipient as a whole the water reneval is
roughly estimated by Rye and Thendrup (1978) to be in the range 1000-1800 m3/s,
based on current measurements. This gives overall concentrations of eff-

luent in the range 1:30 - 1:50, and the larger parts of the surface layers

of the recipient are assumed to be affected by these concentrations.

The water volumes affected by larger concentrations are calculated by the

plume spreading theory and parameters given in the appendix.

The results are summarized together with values for pH, oxygen and metal

concentrations in table 4.

For dilutions 20-30 the affected water volumes may be very much smaller if

the overall dilution is higher than assumed in the calculations.
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TABLE 4, EFFECTS ON WATER QUALITY IN RECIPIENT FOR MIXED OUTFALL TO SURFACE LAYER,
ALTERNATIVE 1A, 1B,
Dilution Water masses affected < Water quality at dilution $
limic by effluent in dilution =5 pH O,-contents Metal overconcentrations (High estimates in parenthesis)
s Max. Horizontal Volume {mg/1) ug/l
distance area (10503) 1a b 1a b Be cd Cco cr Hg Pb Zn
(km) (km?)
1 - - - 5.3-6.1 6.0 -8 2 0.0200 <0.0100 0.0300 0.1100 0.0700 0.3200 0.6500
(<0.0600) (0.0600) (0.0900) (C.2800) (0.3500) (1.9000) (3.3000)
2-3 2 2 2 6.3-6.7 7.0 v 5-6 0.0080 <0.0040  0.0120 0.0440 0.0280 0.1280 0.2600
(<0.0240) (0.0240) (0.0360) (0.1120) (0.1400) (0.7600) (1.3200)
5 3 5 5 6.8-7.0 7.5 4.5 6.7 0.0040  <0,0020 0.0060 0.0220 0.0140 0.0640 0.1300
(<0.0120) (0.0120) (0.0180) (0.0560) (0.0700) (0.3800) (0.6600)
10 15 20 30 7.1~7.4 7.8 6.5 7.4 0.0020 <0.0010  0.0030 0.0110  0.0070 0.0320 0.0650
(<0.0060) (0.0060) (0.0090) (0.0280) (0.0350) (0.1900) (0.3300)
20 40 150 350 7.3-(7.6) 7.9 7.0 7.7 0.0010 <0.0005- 0.0015 0.0055 0.0035 0.0160  0.0325
(<0.0030) (0.0030) (0.0045) (0.0140) (6.0175) (0.0950) (0.1650)
30-50 - ~300% v3000% 7.7 8.0 7.5 7.8 0.0005 <0.0003 G.0007 G.0027 0.0018 0.0080 0.0162
(<0.0015) (0.0015) (0.0023) (0.0070) (0.0087) (0.0475) (0.0825)
Background 8 8.0 8.0 0.005 0.03 0.05 6.3 0.02 0.05 3
values **

*

£

Whole surface layer of outer Oslofjord.

Metal levels in oceanic water; oxygen levels from the Oslofjord.
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An upper limit for primary dilution and depth of the effluent layer were
first calculated by the theory of Fan and Brooks (1969) with no regard to

‘tranSport capacity of the recipient, as for a mixed outfall.

The calculations were made for’a number of different outlet geometries,
and for the six density profiles in fig. 7. The profiles constitute repre-
sentative examples from 77 profiles studied, covering the periods 1963~
1970 (Norwegian ‘Institute for Water Research) and 1973-1974 (River and

Harbour Laboratory).

Qutlet alternatives are shown together with the results in table 5.

Density Gt - units R
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Fig. 7. Representative examples of density profiles in the outer part
of the Oslofjord. Based on data from 1963-1970 (Norwegian Institute
for Water Research) and 1973-1974 (River and Harbour Laboratory).

1)ot:(density -1) - 1000



Table 5. Upper limit for primary dilution with alternative jet geometries and outlet depths.
First values correspond to strong density stratification (low dilution, entrapment
close to outlet depth), the second value to weak stratification. Dilution figures in parenthesis

are median values.

Alternative | Outlet depth Jet data Mean dilution | Depth of eff~ Width of jet at
nr. (m) Diameter | Velocity | Approx fg,ctor luen%miayer entrapr(nreslt depth
(m) (m/s) number

1 40 1.5 4 1 9-19 (13) 35-20 10~18

2 0.4 2 30 12-40 (20) 37-23 3-8

3 0.2 2 120 17-55 (30) 38-28 2.5-5

4 0.2 4 60 22-60 (35) 39-30 3.5-7.5

5 50 1.5 4 1 9-22 (15) 45- 20 10~ 20

6 0.4 2 30 12-45 (25) 47-30 3.5-8

7 0.2 2 120 17-75 (30) 48-34 2.5-6

8 0.2 4 66 25-80 (45) 48-35 3.5-8

9 0.1 2 450 25-125 (55) 48-37 2-5

10 60 1.5 4 1 9-25 (15) 54~24 10-20

11 0.4 2 30 15-60 (30) 56-34 3.5-9

12 0.2 2 120 i 20-110 (40) 57-37 2.5-7

13 0.2 4 60 | 25-110 (50) 58~37 3.5-10




The results are assumed to be realistic if the necessary thickness of the

outflowing layer, given by eq. (1) do not exceed 1/3 of the vertical distance

between outlet depth and depth of the effluent layer.

The results are not realistic for a stagnant recipient, due to limitation
in transport capacity. Only a few of the outlet alternatives (2, 6, 7, 11,
12) may achieve the values in table 5 at common current velocities in

the recipient (v 10 cm/s) if the length of the diffusor arrangement is 500~

1000 m normal to the direction of the current.

For a stagnant situation we require that the sum of thicknesses of the out-
flowing and inflowing layer do not exceed the vertical distance between
outlet depth and entrapment depth for the jet center, where dilution is

slowest and this distance is therefore largest. When assuming

= 8 /1.7
center mean
(normal distribution) in two dimensions and applying eq. (1) to each layer,
iterating until the condition is just met, we get the results given in table
where transport width b is now twice the effective circumference of the

diffusor arrangement.
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Table 6. Lower limit of primary dilution, stagnant recipient. First

values apply to strong stratification, second values to weak

stratification.

Outlet depth Transport width b Dilution Sum of thickness of
(m) (m) factor layers (m)
40 200 5-8 9~-22

500 6—12 6-20

1000 7-19 5-20

2000 9-23 4-16

50 200 4-9 9-30
500 6-18 7-30

1000 7-23 6-26

2000 9-~30 522

60 200 512 11~40
500 7-20 8-37

1000 9-25 6-33

2000 11-35 5-28

The results show that even a diffusor length of 1000 m (b = 2000 m) will
not give primary dilution exceeding 10-35 in a stagnant recipient. The
effluent layer may reach 20-30 m depth for all alternatives, but more sel~-
dom and in lower concentrations for increasing outlet depth and increasing

diffusor length.

Hydrographic data from the Oslofjord show that large-scale water movements
take place quite frequently. Fig. 8, giving depth variations of water

at fixed salinity values for a representative station, shows vertical move-
ments of 10-20 meter in periods of 14 days, and the volume of water

between given salinity limits also varies greatly. A comparison with other
stations indicates that the changes are largely parallell in all main parts

of the basin.

The variations indicate that primary dilution do not take place in the
same water layers over a longer period of time. The effluent will be distri-

buted over a layer of 20 - 40 m thickness.
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Fig. 8. Salinity as function of depth and time, representative
station in the central part of the Oslofjord, 1973-1974

(Data from River and Harbour Laboratory).



The vertical movements are also connected to large-scale horizontal
exchanges of water, dispersing the effluent horizontally, and giving
water renewal from Skagerrak. From the volume changes shown in fig.8

the exchange of water per 10 m depth is estimated to vary from 250 to
1500 m3/s for the whole outer part of the Oslofjord. This agrees well
with what may be deduced from a rough comparison with the surface

layer estimate, based on current measurements. This gives a residence
time varying from 1/2 to 3 months. The effluent will then be distributed
over .a layer of ~ 30 m thickness, with a total water exchange from 750 to

5.000 mo/s.

The overall concentration of effluent in the affected layer will
vary between 1:100 and 1:700. This layer will be found mainly between

20 and 60 m depth, but closer to surface in special hydrographic situa-

tions.

For the inner-most alternatives there will be somewhat higher concentra-

tions in the inner parts of the outer fjord.

In the region around the outfall, plumes of higher concentrations are
expected. Affected water volumes for given dilution factors are calcula-

ted as for a mixed outfall under the conditions given in appendix.

The results are summarized in table 7 together with the effects on pH,

oxygen and metal concentrations,



TABLE 7.

EFFECTS ON WATER QUALITY IN RECIPIENT FOR SEPARATE OQUTFALL OF SCRUBBER EFFLUENT AT

50 M DEPTH. ALTERNATIVE 2A, 2B,

37

Dilution

Water masses affected

Water quality

at dilution S

P . N N <
h:l[ by effluent in dilution =8 pH Oz-aontents Metal overconcentrations
Max. Horizontal Volume 2a 2b (mg/1) ug/l
distance area (106m3) 2a 2b Be Cd Co Cr Hg Pb Zn
(km) (knd)
i - - - 3 6 +70 =10 0.1000 0.0300 0.1500 0.5500 0.3500 1.6000 3.2000
(0,3000) (0.3000) (0.4500) (1.4000) (1,7500) (9.5000) (16.5000)
S 0-0.4 0-0.6 0-0.8 16.3-6.5 7.7 * 1 4-5.8 0.0100 0.0030 0.0150 0.0550 0.0350 0.1600 0.3200
(0.0300)  {0.0300)(0.0450) (0.1400) (0.1750) (0.9500) (1.6500)
<15 0-0.8 0-1.5 0-2.5 6.6-6.7 7.850 0.4-3.4 4.5-7.3 | 0.0067 0.0020 0.0100 0.0367 0.0233 0.1067 0.2133
(0.0200) (0.0200)¢0.0300) (0.0933) (0.1167) (0.6333) (1.1000)
< 25 0-2 0-5 0-10 6.8~7.1 7.9 1 2.4-5.4 4,9-7.8 | 0.0040 0.0012 0.0060 0.0220 0.0140 0.0640 0.1280
(0.0120)  (0.0120)(0.0180) (0.0560) (0.0700) (0.3800) (0.6600)
< 50 0.2-5 0.1~12 0.2-34 7.0-7.3 ~ 8.0 [3,6~6.6 5.1-8.1 | 0.0025 0.0007 0.0038 0.0138 0.0087 0.0400 ¢.0800
(0.0075) (0.0075)(0.0113) (0.0350) (0.0438) (0.2375) (0.4125)
< 60 0.7-12 0.5-40 1.5-140 7.2-7.5 4,2-7.2 5.3-8.2 | 0.0017 0.0005 0.0025 0.0092 0.0058 0.0267 0.0533
(0.0050) .(0.0050)(0.0075) (0.0233). (0.0292) (0.1583) (0.2750)
<100 >2 1.5-150% 8 ~6000% | 7.4-(7.7) 4.7-7.2 5.35-835] 0.0010 0.0003 0.,0015 0.0055 0.0035 0.0160 0.0320
(0.0030) (0.0030)(0.0045) (0.0140) (0.0175) (0.0950) (0.1650)
< 250 >8 10 -150% 120-6000% | 7.7-(7.9) 5.2-8.2 5.45-8.4] 0.0004 0.0001  0.0006 0.0022 0.0014 0.0064 3.0128
(0.0012) (0.0012)(0.0018) (0.0056) (0.0070) (0.0380) (0.0660)
Background %%
& values 8.0 8.0 15.5-8.5 5.5~8.5] 0.005 0.03 0.05 0.3 0.02 0.05 3

# Total area and volume for outer Oslofjord between 20m and 60m depth.

X3

Metal levels for oceanic water; oxygen levels from the Oslofjord.
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A depth outfall will also affect the renewal of oxygen contents of the deep
layers of the inner fjord, taking place each year by inflows of heavy water over
the sill at Dre¢bak.

The inflows draw water from 5m depth and down to perhaps 30 m depth, and

take place especially in situations where water of high salinity is brought
near the surface outside the sill. We assume therefore that layers influen-

ced by scrubber effluent may dominate the inflow.

For the outer locations we expect the inflowing water to have normal over-
all concentrations of effluent, perhaps somewhat lower for large inflows.
For a location at Emmerstad, where mixed effluent may enter directly into
the inflowing layer, the concentrations may be substantially higher, from
1:200 up to 1:20. The estimates are based on volume and duration of inflows
in the years 1962-1965 and 1973-1978, given by Gade (1967) and Magnusson &
al. (1979) respectively.

A similar effect may be expected from a location at Skje¢ttelvik regarding

the Dramsfjord, but we have no basis for quantifying this effect.



5. POSSIBLE EFFECTS

The potential effects of the scrubber effluent from a coal or oil fired

power plant is connected with ¢

- acidification

- large chemical oxygen demand

- metal toxicity and accumulation in organisms

- possible discharge of polycyclic aromatic hydrocarbons (PAH) and

other micropollutants

In addition to this come the impact of cooling water (thermal pollution,
chlorination). Problems connected with chlorination and discharge of heated
water are not treated in this report, as they are not specific for the

Flakt-Hydro process.

5.1 Acidification

The normal variation of pH in sea water of 35%/00 salinity is 7.8-8.2.
Intensive phofosynthesis may rise pH considerably. Correspondingly,

respiration results in lowering of pH. Under aerobic conditions, however,

this decrease is less pronounced than the increase effected by photosynthesis.

In open waters pH very rarely should sink below 7.6. It should be stressed
that in all probability moderate pH decrease is more frequent in the

immediate surroundings of plants and animals (on their body surface) due to
respiratory activity. This would be most common in places wifh little water

movement.

Seawater pH is mainly governed by the strong buffering capacity of the
carbon dioxide system. In figures 9-10 the quantitative relations between

pH and the individual constituents of the equilibrium are depicted:

- + pe——
co. + H.0 =N  H.CO, - H +4HCO, — H +C0,
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It appears from the figures that bicarbonate is predominant at normal pH
values, whereas lowering of pH effects a shift in the equilibium towards

no carbonate and increasing concentrations of free carbon dioxide. (Molecular

carbonic acid is of little significance).

In addition to this effect, reduction of pH will influence other

aspects of sea water chemistry:

Chemical form of metals (particularly the equilibrium between different
complex ions and the simple metal ions)
Charge and other characteristics of amphoteric substances

- Solubility of wvarious compounds.

Quantitatively the details of such reactions are largely unknown, but in

principle they are important in relation to both toxicity and biocaccumulation.

The experimental evidence respecting effects of reduced pH on marine orga-
nisms is summarized in table 8. Considering the various modes of life of
the large number of marine organisms, data are rather sparse. Thus there is

great need of more experimental work, in particular chronic tests. Reservation

must also be taken for the large difference in experimental design between
the investigations referred to. Tests of pH-effects are difficult to per-
form because the organisms tend to modify the incipient conditions by their
metabolic activity. In some cases this has resulted in pH variation (most-—

ly rising pH) during the time of the experiment. The quoted figures refer

to the start of the experiments.



TABLE 8, EFFECTS OF REDUCED PH ON MARINE ORGANISMS,
ORGANISMS pH EFFECTS/COMMENTS REFERENCES
Algae
Nitzschia sp, Navicula sp < 6.4/< 7.0 No, respectively reduced growth. Bachrach and
(Benthic diatoms) (Variable pH during tests) Luccicardi, 1932
Prerocentrum micans, Pertdinium sp. < 6.0/< 7.0 No growth with start pH 6.0, pos- Barker, 1935
(Dinoflagellates) sibly not with pH 7.0
(pH increased during tests)
Fotocarpus sp. (Phaeophyceae) 7.0 Reduced growth (pH increased from Boalch, 1961
7.0 to 8.0 during test).
Halimeda tuna (Chlorophyceae) 6.0 - 9.0 Approx. constant photosynthesis at Borowitzka and
pH 9.0 to 7.0, increasing in the Larkum, 1976
interval 7.0 to 6.0
Halimeda tuna 6.0 / 6.5 No, respectively low calcification Borowitzka and
Larkum, 1976
Species of Chlorophyceae, <7.0 "Toxic" Droop, 1955
Cryptophyceae and Chrysophyceae
5 brine chlorophyceans 7.2 Good growth, two species with Gibor, 1956
optimal growth at 7.2-7.5
Ulva lactuca (sea lettuce, < 6.0>6.5 Died within 5 days. Increased uptake Hampson, 1967
Chlorphyceae) of Yttrium 90 at low pH, no change
for Strontium 90.
Several plankton algae (diatoms, 5.3 - 10.0 Max. photosynthesis usually in the Humphrey, 1975
chlorophyceans, dinoflagellates) interval 7.0 ~ 8.0. Some species
with maximum at pH ~ 6.0, others
with reduced photosynthesis below
pH 7.0.
Species of benthic algae (Rhodophyceae, 3.6 - 10.0 Some difference in sensitivity. Kylin, 1927
Phaeophyceae), Thallus parts and spores Increased cell death rate below
6.6/6.8, strongly harmful effects
below 6.0. Seemingly normal develop-
ment above 6.8/7.0 (2-3 days obser=-
vation)
Prymnesiun parvwn (Haptophyceae) 6.0 ~ 8.0 Similar growth rate, but seemingly Mc Laughlin, 1958
increased need of trace metals at
low pH
Red, green and brown benthic algae < 7.0 (7.3) Reduced photosynthesis, but still Ogata, 1966
(Porphyra, Ulva, Petalonia) measurable at pH 5.9.
Coccolithus (Emilianalhuxleyi < 6.7 (7.0) Reduced photosynthesis, but measu- Paasche, 1964
(Coccolithophorid) rable at 5.7.
Coccolithus (Emiliana)uxleyl < 6.0 (6.3) No calcification Paasche, 1964
Puaimaria palmata {(Rhodophyceae) < 6.5 Reduced photosynthesis (Larger in Robbins, 1977
the interval 7.5-6.5 than at
pH 8.1).
Chondrus ertspus (Rhodophyceae) 6.6 Somewhat reduced growth. Optimal Simpson & a4l., 1978,
growth at pH 7.0/7.5/8.0, respectively
with pH regulation with COy, KC1 and
1,50,
Bogsiella orbigniana (Rhodophyceae) <~ 7.0 Reduced calcification (at increased Smith and Roth, 1979
o, concentration).
Thalassiosira pseudonana(diatom) 7.7 Increased copper toxicity (indirect Sunda and Guillard,1976.
effect).
Cricosphacra elongata (Coccolithophorid)|5.8/6.4/7.4 Respectively no cell division (but Swift and Taylor, 1966
] viable cells), clumping of cells,
and reduced growth rate.
Dunaliella tertiolecta 5.0/6.2 Optimum for photosynthesis and Wegman and Metzner,

(Chlorophyceae)

cell division, respectively,

1971

(cont. next page)
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ORGANISMS pH EFFECTS/COMMENTS REFERENCES
Bacteria
Methane bacteria 5.0 50% reduced growth, optimum at Hutton and Zobell,
pH 6.0 - 7.0 1949
Aerobic heterotrophs 6.5 507 reduced growth. Optimum Zobell, 1941
pH 7.5-7.8. Some growth at 5.5.
Animals
Mercenaria mercenaria and < 6.7/ 7.0 Reduced egg development. Calabrese and Davis,
Crassostrea virginica (Mussels) < 6.3/ 6.5 Reduced survival of larvae 1966
> 6.8 Normal growth of larvae
Ostrea edulils (Oyster) 7.0 Normal development of larvae Gaarder, 1932
Pinctada fuscala (Japanese 7.4 1 7.7 Dead, respectively reduced growth Kuwatani and Nishii,

pearl oyster)

Ostrea virginica (Oyster)

Aeartia tonsa (Crustacea)

Mytilus edulis (Common mussel)

< 6.5/6.8-7.0

< 6.7
< 7.0

after about 20 days.

Reduced pumping frequency and shorter
opening time, respectively increased
pumping frequency.

Increased death rate.

Increased heart beat frequency
(Same effect by adding COZ)

1969

Loosanoff and Tommers,
1947 ;

Ross & al., 1977
Schlieper, 1955
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It is seen from the table that pH-lowering to 7.5 mainly appears to be to-
lerable, with two noteworthy exceptions. Kuwatani and Nishii (1969) found
increased death rate and reduced growth in the Japanese pearl oyster at

pH 7.4 and 7.7, respectively. They also found indications of shell
dissclution at pH 7.6. Sunda and Guillard (1976) reported the very important
effect that reduction to pH 7.7 resulted in higher copper toxicity to a
marine phytoplankton species at constant total concentration. This is
explained by a shift in chemical equilibrium towards more of the metal in the

form of cupric ion.

There are also rather few cases of deleterious effects in the interval 7.5
- 7.0. Below this, the potentially harmful concequences from acidification
become increasingly evident. It should be noted, though, that even below

pH 6.0 there are examples of highly tolerant algae.

Little light has been thrown upon the mechanisms of toxicity and the diffe-
rence in tolerance between species. With respect to photosynthesis, one
should perhaps expect a stimulating effect of lower pH due to the increase
in free carbon dioxide relative to bicarbonate. (All algae can use COo,
whereas the utilization of HCO5 is disputed both with regard to effec-
tiveness and how widespread it is). The results of Borowitzka and Larkum
(1976) clearly point to such a stimulation. It has also been demonstrated by
several authors that the photosynthesis saturation level of carbon dioxide
is higher than its normal concentration in seawater (Paasche, 1964; Ogata
and Matsui, 1965; Simpson & al., 1978). It remains unexplained, however,
why then several species show reduced photosynthesis or growth already at

pH values as high as about 7.0.

To study the isolated effects of changes in pH, it is necessary with other
strong buffers than the bicarbonate system. It is somewhat questionable
whether the widely used Tris (hydroxymethyl) aminomethane can meet this need.
High Tris concentrations may be toxic to some species (Mc Lachlan, 1963).

On the other hand, Ogata (1966) found a stimulating effect due to the

absorbance by Tris of carbon dioxide into the growth medium,

Many marine animals and algae have calcified external skeleton, carbonate
bodies covering the cells, or carbonate encrusted cell walls and surfaces.
In animals all calcification of importance take place outside the cells

(Istin, 1975). In algae widely differing mechanisms are utilized



(Borowitzka, 1977). Calcification may occur within the cells (coccolithopho-
rids), in the intercellular space (many green and red algae), within the

cell wall (Corallinaceae) or on the surface (Charophyceae).

The carbonate of calcified tissue mainly occurs in the two crystal forms
calcite and aragenite, of which the latter is slightly more soluble and
goes into solution at pH 6.3 and below (Borowitzka and Larkum, 1976). It

is seen from table 5.1 that stop in algal calcification has been demonstra-
ted below pH 6.0 - 6.3 (Paasche, 1964; Borowitzka and Larkum, 1976), and
reduced rate of calcification below pH 6.5 - 7.0 (Paasche, 1964;
Borowitzka and Larkum, 1976; Smith and Roth, 1979).

The pH dependance of calcification in marine animals has not attracted much
interest, but Kuwatani and Nishii (1969) found indication of shell dissolution

in the Japansese pearl oyster at pH as high as 7.6.

Information with respect to reduced pH and animal calcification is perhaps
most badly wanted for hermatypic (reef building) corals, due to their ecolo-
gical importance in warm seas. In theory, it is possible that their skeleton,
although usually pure aragonite, 1is better protected against acidification
than other carbonate skeletons and shells. The outer layer'of living polyps
protects against calcium leakage, and the associated zooxanthellae (unicel-
lular plants) make the microenvironment more alcaline through their photo-

synthesis (Cf. Goreau, 1961; Woodhead and Weber, 1973).

Reduction in pH can reduce or increase the toxicity and availability for
uptake of many substances, in particular weak acids, bases and metals.
Thus, hydrogen cyanide will increase in toxicity by lowering of pH, until
all is in the molecular (undissociated) state {Doudoroff & al., 1966).
Other examples of such dependences are to be found in papers by Marking
(1975), Mc Leay & al. (1979), Sano (1976) and others. Through consideration
of theoretical models, Zirino and Yamamoto {1972) pointed out that uncomnlexed
metal ions might increase considerably in relative abundance if pH was
reduced from 8.0 to 7.0. The theoretical relative increase of cupric ion
from about 1 to 30% in this pH interval may be quite significant;

ionic copper acting toxic towards some algae at concentrations close

to the background level in seawater. (Steemann-Nielsen and Wium Andersen,

1970). As mentioned above, Sunda and Guillard (1976) have demonstrated



this effect with even smaller pH decrease (but with higher copper

concentrations).

From the above discussion one may on the one hand conclude that it is
difficult to substantiate through experimental evidence the criterion
from the U.S. Environmental Protection Agency, that pH in open seawater
should not deviate more than - 0.2 units from the normal variation inter-
val (EPA, 1976). On the other hand, the results of Kuwatani and Nishii
(1969) call for caution, and so does the serious lack of knowledge into

the matter.

5.2 Effects of reduced oxygen concentrations

Mainly with the exception of certain bacteria and protozoa, the presence
of free oxygen is a prerequisite for marine life. Within the limits of na-
tural fluctuation in oxygen concentration, various animals and plants differ

widely in their tolerance of reduced levels.

Saturation concentrations at full salinity and 0-30°C varies between about
4.4-8.0 ml/1 (6-11 mg/l), decreasing with increasing temperature. In a
report from FAO (1969), mostly based on experimental work, it is stated
that most marine organisms cannot live for any length of time at lower
concentrations than 0.8 ml/1 and that in fish stress symptoms occur below
2 ml/1. 3.5-5 ml/1 is regarded as satisfactory; approximately coinciding

with the lower limits recommended by Perkins (1976).

Nevertheless, there are many examples of demersal fish and bottom dwelling
animals having sustained low oxygen concentrations for quite long time in
nature (see review by Kinne, 1972). In nature and for short periods, animals
adapted to pelagic life may tolerate levels which result in stress symptoms

under experimental conditions.

Oxygen tolerance limits are difficult to establish, or even to define exact-
ly. The reason is that the tolerance and preference of any one species may
vary with life stage and also depend on other variables, particularly tem-
perature and salinity, but also the presence of toxic substances, compe-

tition or other stress factors (for instance in experimental environments).
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Excepting extreme cases of tolerance and/or reproductive adaptability, present
knowledge does not allow for statements with regard to oxygen requirement of
various species in exact terms. Thus one has to base evaluation of possib~

le risks of deleterious effects on the general assumption that oxygen
depression below 4-5 ml/l may result in poorer communities and reduction

of biclogical resources.

5.3 Metals -~ toxicity and accumulation

The following considerations will be based on
=~ Available information about background levels of metals in oceanic water.

~ Assumed overconcentrations in the alternative effluents compared

to background levels
— Information on lower limits of toxicity for the metals in question.
- Factors affecting toxicity and bioconcentration (uptake and excretion).

~ Recommended upper limits for human intake of metals in food (Hg, Cd, Pb).

5.3.1 Backggound~levels of metals in seawater

With reference to Riley and Chester (1971), Brewer (1975), Bryan (1976)
and Sugawara (1978), approximate mean background concentrations (ng/l) of metals
(particulate + dissolved) in oceanic waters can be given as below. Scme

Oslofjord data (Bjerkeng and Knutzen, 1978) are included for comparison:

As Be Cd Co Cr Cu Hg Mn Ni Pb Se \Y% Zn
Oceanic water 3 0.005 0.03 0.05 0.3 1 0.02 1 1 0.05 0.2 2 3
osiofjord - - 0.1 - <0.5 1 0.1 - 1 ~0.5 - - 3

Seawater analysis for metals is difficult, and comparable and reliable data
still are relatively scarce. Often the above figures should be replaced by
intervals close to one order of magnitude. In other cases there are just a few
records. Differing methods of sampling and analysis are the main causes of
doubtful comparability. Further, lack of separation between the particulate
and the dissolved state is common. Thus the data is of somewhat restricted

relevance for scientific as well as management purposes.,
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5.3.2 Overconcentratlon of metals in effluent

As stated above and in chapter 3, information about background levels and
effluent composition both are very approximate. To evaluate the possible
risks of toxic effects and for accumulation in edible and other organisms,
it may n2vertheless be useful to state the effluent concentrations in
terms of background or ambient levels. This is done in table 9 for the two

alternativ effluents (Cf ch. 2 and table 1).

Table 9. Approximate number of times increase in metal concentrations of
alternative effluents from a 1200 MWe coal fired power plant
(effluent concentrations divided by assumed levels in oceanic
and Oslofjord waters).The interval limits correspond to estimates
of normal, respectively high metal content in coal.

Alt. | A¢| Be | cd | Co | Cr| Cu| Hg| Mn| Ni| Pb| Se| V| zn
4—<12}<o.3—2 0.6-2/0.4-1 <0.1|4=18] <1 |n0.1| 6-40 | <0.3/<0.3]0.2-1
Alt. 2| <0.5 2-<60' 0.7-9, 3-10 2-5| <0.5M8-0|0.7-4 <1 [32-190 <1.5 <1.5 1-5 |
- Los | - fcous|<0.1f<iea] - ool |<1-4 = - Jo.2-1
0.2-3| - | 1-3/<0.5| 4-18 = | < 1| 3-19, - |- |1

-—

-

—
i

Ale, 21 - -

It appears that the relative overconcentrations are most striking for be-
ryllium, mercury, and particularly lead; to a smaller degree for cadmium, cobalt,
chromium and zinc. Discharge of the rest of the metals appears to be insig-
nificant in comparison with the recipient content of these elements. Some
reserve must be taken, however, for the state and chemical form of the main

component of each metal in the effluent as well as in the receiving waters.

Overconcentrations of Be; Cd, Co, Cré Hg, Pb and Zn at different dilutions

are shown in tables 4 and 7.
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Table 10 gives a summary of information on the toxic levels recorded for
the metals in question. Here too, data are fragmentary for most elements,
in the sense that relatively small numbers of organisms have been tested.
Often the experimental procedures have been inadequate with respect to mode

and duration of exposure.
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1aBLe 10, PRELIMINARY QUALITY CRITERIA FOR SEAWATER AND EXAMPLES OF METAL CONCENTRATIONS
(ug/1) WITH HARMFUL EFFECTS. DUBIOUS OR EXTREME VALUES IN PARENTHESIS.
As Be Cd Co Cr Cu Hg Mn Ni Pb Se Zn REFERENCES COMMENTS
11002] 5® | 100?| 100® | x® Jo.1 1009 | ¢ - v©) ) EPA (1976) Quality criteria
60 -, 10°- 20 - 625 5 | 100 ‘ Ref. in
<10 >10 >100 | v 1 10 >10 ) EPA (1976)
7.5% 3003- 100~ |50 =~ (310~ [16-103] 103- |2.5-103 (100)-| Ref. in Increased lethality
10 10 >10° | 103 | 10® | 100 103 5105 | - 107 [510° | g4 Bryan (1976) | in tests for acu-
) : te toxicity
300 (1)10-] @) 5- 40 - | Ref. in Subletul effects
1008)| 100 "~ 100 103 Bryan (1976) | (growth, reproduction]
metabolism, etc.)
100 - ) | <1)= [0 (0.5)1) 3 50~ | Ref.in
3-103 S ) 103 | =100 i) 10 103 Beijer & al. (1977)
(12)100 Mearns and Cr (VI)
~200 . Young, 1977
100 | 0.1%] 15 0P @™ ) 5 fee103 0.2 150 | 10y s0 Davey and
Phelps, 1977
(200) (1)%0- Ref. in Lethal effects
103-104 10 Taylor (1977
a,b)
(1)10- Q-] g Ref. in Sublethal effects
103 Taylor (1977
a,b)
=53 Grice and Effects on bacterid
Menzel, 1978| fytoplankton and
zooplankton
a) Adapted from freshwater. i) Reduced photosynthesis in fytoplankton.
b) Partly due to risk of accumulation in mussels. j) Down to 30 pg/l in tests with freshwater organisms.
c¢) X, Y: Respectively 0.1 and 0.01 x 96 hours k) Depressed enzymatic activity
LCsy for least tolerant species in the recipient 1) 72 hours LCen, copepods.
area, 50
d) Due to risk of accumulation in mussels. m) Reduced yield in algal cultures.
e) 1 ug/l may be toxic to some species of fywplanktn. n) Depressed growth in algae.
£) Down to 0.02 ug/l in tests with some freshwater ©) 96 hours LC5q, copepods.
organisms. p) Down to 0.04 ug/l in test with freshwater daphnia.
g) Down to 5 ug/l in tests with freshwater orga-~
nisms.
h) Cr (Vi)
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Most of the results quoted in table 10 are based on registrations of in-
creased lethality over a short time period (LCsqy type of tests for 48 or 96
hours). Experiments aiming at the demonstration of possible chronic, sub-
lethal effects, are still quite few. Even such effects may in the long run
cause eradication of whole populations. To use LC50 values as basis for
water quality criteria is somewhat precarious, even when it is applied a
safety factor of 10 or 1%Z. The ratio between LCgg and safe concentrations
will differ with substance as well as species and factors in the natural

environment. The trend of the latest years has been a steady lowering of

concentrations which can be regarded as safe without reserve.

On the other hand, some of the concentrations reported to have had poisonous
effects must be judged as extremes, in the sense that they are close to

or even below naturally occurring concentrations. The typical

example is copper, but levels naturally occuring in coastal waters overlap
with toxicity thresholds also for mercury @nd zinc and cadmium, if one

include tests performed with freshwater organisms).

It is seen from the table that Davey and Phelps (1977) claim to have found
that nickel acted poisonous towards algae in a concentration which is
about 1/5 of the natural background. As the test procedure has not been
described to any detail, this result must for the moment be taken with
strong reservations. This also applies to the chromium toxicity claimed bv‘

the same authors.

Overlapping between toxic and natural concentrations points to the funda-
mental importance of the chemical form of metals in the aquatic environ-—
ment, and also to the possible role of humus and other chelators as

detoxifying agents. These are difficult subjectis, which hitherto have not

attracted sufficient attention.

Both toxic effects and accumulation in plants and animals will depend on
the way in which the organisms are exposed. In the main, exposure is me-

diated through water or food.
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Metal in water may be present in one or (usually) several of the following

states:

- Incorporated in particles (inorganic, organic, live or dead).

- Adsorbed to, or precipitated upon surfaces of particles

- Colloidal

- Dissolved, and then either as simple ions or complexed with organic

or inorganic chelators.

Within the group of dissolved species, the relative abundance of theoreti-
cally possible components often are insufficiently known. As a rule, simple
metal ions are regarded as most toxic. The obvious reason for this is that
uncomplexed ions are the most diffusible and adsorbable form. (Methyl

mercury is an important exception).

In addition to the metal's state, thresholds of toxic effects depend on

many environmental factors (temperature, salinity, oxygen saturation,

presence of other toxicants etc.). Life stage, physiological conditions of the
exposed specimen and length of exposure may be decisive. Various species

differ widely in tolerance.

Although the distribution between different states are not governed by
simple equilibrium reactions, it is worthy of notice that most metals may
be dissolved in much higher concentrations than their ambient levels in

seawater (Bryan, 1976).

Small organisms, with a high surface to volume ratio, are most inclined to
take up metals in the dissolved state. After adsorption to the surface

and diffusion through membranes, the metals are often bound to very stable
complexes within the plant or animal. Benthic algae are perhaps the best
known example of practically not regulated and irreversible uptake

of metals. Animals, particularly the larger species, have more or less

effective mechanisms for excretion and regulation of uptake.

Mostly among larger animals, uptake through the food often play a dominant
role, but diffusion through the gills and other surface membranes may still be
important, especially in mussels,but also in fish. Often only a minor frac-

tion of the metal ingested is absorbed in the intestine.



Biomagnification of metals (i.e. increasing concentrations with higher le-
vels in food chains) appears to be of limited occurence, and does not

take place to the same degree as for chlorinated hydrocarbons and other
persistant organic compounds. Usually it requires a combination of large
intake through the food and inadequate excretion mechanisms. Length of
life is also important. According to Bryan (1976) excretion ability seems
to be least for metals with no known physiclogical function (mercury,

lead, cadmium).

With exception of the Minamata disease there are few indications that me-

tal contaminated seafood has caused damage to man (Bryan, 1976).

From the considerations of expert committees within FAQ/WHO (1972) and
WHO (1973) it is evident that non essential metals are regarded as PO~
tentially most dangerous with respect to occurrence in food. Preliminary
recommendations for maximum weekly intake per person (60 kg) of mercury,

cadmium and lead are as follows:

Mercury: 0.3 mg (of which maximum 0.2 mg methyl mercury)
Cadmium: 0.4-0.5 mg
Lead : 3 mg

In fish 907% of the mercury content usually occur in the methylated form
(Bryan, 1976). Bryce~Smith and Waldron (1974) maintain that the maximum
lead intake by children should be set considerably lower per kg body
weight than for adults, owing to higher absorption of lead in the intes-

tine of children and their higher sensivity.

All three metals may damage kidney tissue and have the ability to pass
from the mother into the fetus. Small doses of mercury and lead affect the

central nervous system,

Transformation of the above recommendations into acceptable levels in sea-
food is very complicated, and requires detailed analysis of other sources
(water and food consumption, air pollutiom). Particularly exposed and/or
vulnerable population groups must also be taken into account. At present,
some countries have put into force an upper limit of 0.5 or 1 mg mercury

per kg wet weight.



5.4 Polycyclic aromatic hydrocarbons (PAH)

PAH occur naturally as the result of forest fire, volcanic activity, other
geochemical procésses and, probably,biosynthesis. In many areas, however,
human activities are the predominant sources. PAH and related substances
attract attention because metabolites of some of the compounds have been
demonstrated to be cancerogenic. Benzo(a)pyrene (B(a)P) perhaps s the
best known example. With regard to physical, chemical and physiological
characteristics, most important sources, occurrence in the aquatic environ-
ment etc., it is referred to reviews by Andelman and Suess (1970),

Andelman and Snodgrass (1974), Knutzen (1976), Landner (1977) and Neff (1979).

For the moment, one does not know much about the effects of PAH in the

marine environment, beyond the fact that high concentrations have been

recorded in the vicinity of 1érge point sources. In Saudafjorden, W. Norway

very high levels were found in mussels and sediments (Bj¢rseth & al., 1979)to-
gether with a poor fauna, but there are other examples of relatively rich communi-
ties in heavily polluted environments (Palmork, 1974). Table 11 gives some
examples of harmful effects on marine organisms, mostly observed in the

laboratory, but also in the field. For other examples it is referred to the

review by Neff (1979).

Table 11. Observation of harmful effects of PAH on marine organisms
Substances Conc. (ppb) Organisms Effect References
Various PAH 10-300 Rhodophy~ Reduced or| Boney and Corner
d ceans stimulated| (1962)
compouncs growth, Boney (1974)
cell size
Dimethylbenzo-— 5000 Sea urchin Egg deve— | de Angelis and
anthracene lopment Giordano (1974)
(DMBA)
DMBA 10 Growth Ishio & al.
B(a)P 5 Dinoflagel- | (Cell and | (1977)
Benzanthrone 0.1 late nucleus
division)
B(a)P 20-80 Bacteria Reduced Calder and Lader
growth (1976)
Benzanthrone Field Porphyra sp.| Cancer Ishio & al.
observation (Rhodophy-— (197 1)
ceae)
Creosote Field Moss animal | Cancer Powell & al.
observation (Bryozoa) (1970)
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PAH is biodegradable or can be excreted in unchanged form in a relatively
rapid way. 90-99% reduction has been observed within 5-100 days in conta-
minated animals after transfer to pure seawater, somewhat depending on
species, compound, and way and time of exposure (Anderson and Neff, 1975;
Lee & al, 1972a; Cox & al., 1975; Lee & al., 1972b, Neff & al., 1976,
Lee, 1975, Neff, 1979).

Generally, the excretion seems to be faster in species with the mixed func-
tion oxidase enzym system (MFO). Mussels and snails are the most important

groups in which the MFQ system appears to be absent or very weekly developed
(Neff, 1979).

On the above grounds it may be concluded that the risk of biomagnification
is considerably smaller than with persistant organics like PCB, etc. High
PAH levels in organisms will usually not occur unless there is relatively

large and continuous contamination of the environment.
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6. DISCUSSION

pH

According to EPA (1976) maximum allowable deviation from normal pH variation
in open marine waters should be 0.2 units. Depending to a certain extent on
the recipient conditions this would mean a minimum acceptable pH of 7.6 -
7.8. In table 12 it is shown for the four innermost sites of the Oslofjord
area what volumes and areas that risk these reductions by the four effluent

alternatives (cf. figs 1-4).

Table 12. Approximate volumes (106 m3) and areas (106 mz) potentially affected
with pH 7.6 or = 7.8 due to alternative effluents from
1200 MWe coal fired power plant in the Oslofjord area (Assumed
background pH:8.0)

S 7.6 : 7.8
Effluent alternative -
Volume Aresa Volume Area
1 a ~ 350 ~ 150 ~ 3000 ~ 300
1b N 10 < 10 30 20
2 a 6000% * n 6000% *
2b <1 < 1 < 2.5 < 1.5

* Subject to great variation depending on hydrographic conditions and

water renewal in intermediate depth, cf. table 7.

It is evident from the table that untreated effluent may represent a
hazard to large water masses in the recipient. Treatment with lime and/or

air reduces the risk considerably.

Digcharge of untreated effluent to the surface layer (alt;_l a)

is judged to be the most hazardous alternative. The affected volumes would
be about the same if untreated waste water is discharged at about 50 m
(alt, 2 a), but the consequences would be more serious for the upper ~ 10 m

for the following reasons:
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- Lower pH over the whole surface area between Emmerstad - Ske¢ttelvik
and Varddsen - Slagentangen (fig. 5).

- Potential damage to the zone of primary production

- Habitats of shallow water benthic organisms risk continuous exposure
to unfavourable pH conditions, possibly resulting in the decimation of
less tolerant species, particularly among the sessile life forms.
Mobile species might tend to prefer somewhat deeper water than before
the change in ambient pH. Any harmful effect on benthic communities
would also affect the recruitment of those fish species which as
younglings depend on healthy shore and shallow water communities.
(It may also be speculated that littoral benthos in general
would be more sensitive than deep water species. Being adapted
to less water movement, the latter group should experience
microclimatic pH reduction due to respiration more often than surf-
zone organisms). With the exception of fishermen, the prime interest
of most people is connected with the amenities and recreational

quality of the surface layer.

should only affect a minor part of the total subsurface fjord environment.
The communities exposed would presumably be less sensitive because of re-
latively easier avoidance of stress and the fact that the main parts of

pelagic populations would be unexposed at any one time.

might be locally important, but compared to the untreated effluent the

area and volume affected would be less than 10 and 1%, respectively.
Moreover, with the relatively low critical dilution of 10 (cf. table 4), an
appropriate discharge arrangement would make it possible to avoid stress

on shore communities and benthic organisms.

primary dilution zone. Effects would hardly be detectable unless bottom

fauna is directly exposed to low waste dilution.

With regard to acidification, deep water outfalls should in general be



preferable to surface layer discharge.

A weak point in the above reasoning is that there are few facts (proven
harmful effects) which support the criterion of maximum 0.2 units reduction.
On the other hand, there are several indications that a safety margin is

warranted:

- General lack of long-term or life cycle studies
- Results of Kuwatani and Nishii (1969) and Sunda and Guillard (1972)
- Probable relative increase of simple ions of some metals (Zirvino

and Yamamoto (1972)

~ Enhancement of the effects of some pollutants (possible reduction
in the effects of others)

The safety margin is particularly justified for surface waters of inlets,
bays and fjords to which there are attached large recreational and/or

economic interests.

Oxygen

Even without aeration, surface layer discharge of the mixed scrubber and

o . ot s s o S s A s S e snmn s ) i 4 . e S s e e

cooling water effluent (alt. 1 a) will not usually result in potentially

harmful depression of the oxygen concentration beyond: the immediate
vicinity of the outfall (cf. table 4 and ch. 5.2). The oxygen level will
be satisfactory above dilution 10, and the affected water mass restricted
to about 30x186 m3. A small volume of about Z x 106 m3 near the outlet

will be directly toxic (anaerobic).

somewhat depending on recipient conditions. In land-locked waters the
subsurface layers often experience long periods with marked oxygen deficit
or even anoxic conditions. Under such circumstances the aquatic environment
may be drastically changed if exposed to an additional stress. The same
applies to recipients with reduced oxygen concentrations due to high

loading of degradable organics.

The Oslofjord area is a good example in both these respects. Bottom waters

inside the sill in the Dr¢bak Sound (fig. 5) often have critically low
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oxygen content (sometimes complete exhaustion in some parts). Large load
of organic matter and plant nutrients from domestic sewage, has resulted
in a negative trend with regard to oxygen content of the bottom water during
the last decades (Magnusson, 1979) and deterioration of the soft bottum
fauna (Beyer, 1968). 0ld bottom water is periodically renewed by sill over-
flow of water from the 5-30 m layer of the middle and outer parts of the

fjord.

The calculations in ch. 4 show that the diluted waste water from a discharge
at 50 m depth periodically may rise to 20-30 m; and that even with

maximum attainable dilution the renewal water will have considerably reduced
oxygen content compared with the ambient level today. For the innermost |
localisation at Emmerstad (fig. 5) the mean reduction may be about 1-2 mg/l
(max. ~ 4.0 mg/1); for the alternative Varddsen (fig. 5) up to 0.8 mg/1l

at the worst. Under such circumstances the deep water discharge of untreated

scrubber effluent obviously would be unacceptable or highly questionable.

Lime_treatment and aeration (alt, 2 b) reduce the chemical oxygen demand of

the scrubber waste water with about 807 (table 2 ), at the same time
ensuring about 807 oxygen saturation in the effluent (ch. 3). Consequently,
the effluent will be far less objectionable with respect to oxygen condi-
tions. Even so, the remaining chemical oxygen demand may still represent

a hazard to sensitive recipients.

Consideration of potential oxygen problems alone leads to the conclusion
that surface water discharge would be preferable, other conditions being

equal.

Evaluation of the possible impact of effluent metals on marine life,
recreational and economic interests, has to be mainly speculative for the
time being. Firstly, the metal content of coal shows considerable
variations (table 1). Secondly, the only information on metal concentration
in the waste water is from introductory pilot plant studies conducted by
Norsk Viftebarikk A/S (unpubl. report, 1979). Thirdly, the state of the
metals in the effluent are not exactly known, Probably the main part is

incorporated in, or at least associated with small ash particles.



Lastly, our knowledge of metal effects on marine organisms (bioconcentration,

bioaccumulation, toxicity) is far from satisfactory.

From the tables 4, 7 and 9 it appears that considerable overconentration
in the effluent probably are restricted to beryllium, mercury and lead.
Owing to its high toxicity, cadmium might be included in this group of
primary concern. The other metals are not taken into account because there
is little evidence that they are toxic even in concentrations found in the
undiluted waste water (cf. table 10 and ch. 5.3.3.The reasons for exclu-
ding chromium and nickel are also given there). Finally, it should

be stressed that the highest metal levels mentioned for the effluent refer
to the less probable estimate of high metal content in coal. Thus, for the
majority of the metals, arguments against discharge are Trestricted to

general concern for protection of the marine environment.

Data on the effect of beryllium on marine organisms are very scarce, and
does not allow evaluation of the possible consequences in the recipient.
So far, this metal has not been regarded as particularly dangerous in the
aquatic environment, but the result of Davey and Phelps (1977, cf. table

10) ought to stimulate further research.

With the most probable cadmium content in coal (table 1), the poliuticnal
load from this metal should not give rise to particular concern. The
matter is possibly somewhat different if the cadmium content should be

10 times higher. Even if cadmium should turn out to be poisonous in
concentrations close to the background level, the volume of toxic water

would still be rather small (tables 4 and 7).

The hygienic risk from higher levels of cadmium in edible organisms would

be of more interest. Some commom seafood species, particularly among
crustaceans and molluscs,may have a high natural content of cadmium
(Bjerkeng and Knutzen, 1978, Bokn & al., 1978). Together with the previously
mentioned low limit of acceptable weekly intake, this iudicate that care
should be taken with any discharge of cadmium into the sea. All uncertain-
ties considered, it is rather improbable, though, that the cadmium dis-

charge should cause any serious harm.

Neither should the effluent content of lead give rise to concern. This
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metal apparently has relatively low acute toxicity towards marine organisms,
and the effluent concentrations would be 1-2 orders of magnitude below the
expected threshold of toxic effects. (Reserve must be taken for the general
lack of results from long-term bioassays). Compared to other sources, such
as polluted precipitation and urban runoff, the contribution of lead from a
power plant scrubber usually would be of minor importance. This is the

case in the Oslofjord area, in which other lead sources dominate at present
(Bjerkeng and Knutzen, 1978). The few results of water analysis from the
fjord indicate a considerable increase of lead concentration compared to
the background in oceanic water (about 5-10 times), but this has not re-
sulted in a corresponding increase of the lead level in organisms (Bjerkeng

and Knutzen, op.sit.)

Even when assuming high lead levels in coal, the relative increase of lead
concentrations would be moderate and of limited extent in the Oslofjord.

In unpolluted waters the matter would be different; with high percentage
increase in large water masses (tables 4, 7). The possible consequences

of this difference in basic conditions in the two types of recipient
waters are difficult to evaluate. If the toxic and accumulative activity
of lead forms in scrubber effluent is the same as for lead already

present in recipient waters, then the discharge should be more doubtful in

waters of oceanic quality than in coastal waters.

Possibly, mercury would be the most critical element in the scrubber waste.
Although the concentrations are quite low, there is a risk that the effluents
are acutely toxic (table 10). The main concern, though, is with respect to

accumulation in edible organisms. With the high estimate of mercury content

in coal even a dilution of about 100 (based on scrubber water alone) could
result in a near doubling of mercury concentration compared to the normal
level in oceanic water (tables 4, 7). Thus it is a possibility that
considerable water masses would be affected. This is judged to be more
serious for mercury than for lead, particularly due to the considerably
lower limit of acceptable levels of mercury intake (FAO/WHO, 1972).

As in the case with cadmium, any discharge of mercury to the sea is in

principle unwanted.
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Bearing in mind the inadequacy of present knowledge, it may be concluded

as follows with respect to metals:

~ Acute toxic effects are not probable beyond the immediate
surroundings of the outfall. (The possibility of synergistic effects

represent a uncertainty).

- With "normal" metal levels in coal there is a moderate risk of unwanted
accumulation of cadmium, mercury and lead in organisms close to the
discharge site. With high metal concentrations the affected area

and volume might interfere with other uses of the receiving waters.

- Generally, discharge to deep, open waters would be preferable, thus
reducing or avoiding the contamination of the productive zone and

benthic organisms of the shore and shallow waters.

PAH

As various estimates of PAH quantities in flue gas differ with two orders
of magnitude or more (ch. 3), and there is no data for transmission to the

water phase, the evaluation of possible consequences must be speculative.

If it is correct that modern boilers have modest dischare of PAH (Alfheim
& al., 1978), e.g. with less than 0.1 mg PAH and 0.01 mg benzo(a)pyrene
per kg coal, there would be a relatively small risk of either toxic effects

or accumulation in biota.

At the other extreme, digcharge of 10 and 1 mg/kg of PAH and B(a)P,
respectively, should be deemed serious for recipient conditions. Concen-
trations in the 36 m3/s effluent would then be of the order ~ 30 ug PAH/1
and 3 ug B(a)P/1.

level in scrubber effluents from Norwegian aluminium smelters with
Sgpderberg electrodes (Knutzen, 1978), but the amounts of waste water

from a 1200 MWe power plant are considerably larger. Particularly with
discharge into the surface layer one must expect high levels of PAH in
benthic organisms, and the possibility of interference with other interests

in the recipient area (harvesting of mussels, aquaculture. The effluent



concentration of v 3 vg B(a)P/1 is close to the range in which toxic effects
have been observed (table 11). But the risk of harm to marine communities

is judged to be moderate or small.

From the above discussion it is obvious that conclusions in one or the other
directions are heavily dependent on data from analysis of representative
effluents. The need for such information is most acute in cases where large

amounts of waste water is discharged to sensitive recipients.

JOK/KON/EDA
20/2 1980



- 63 -
REFERENCES:

Abdulsattar, A.H., Sridhar, S. and Bromley, L.A. 1977:
Thermodynamics of the Sulfur Dioxide-Seawater system.

Dept. of Ch. Eng., Un. of California, AICHE journal 23 (1), 62-68.

Alfheim, I. and Géther, J., 1978:
Organiske mikroforurensninger 1 utslipp fra varmekraftverk. Effekter
av utslipp av polysykliske aromatiske hydrokarboner (PAH) og andre
forurensningskomponenter fra kullfyrte varmeanlegg. (Organic micro-
pollutants in effluents from fossil fueled power plants. Effects of
discharge of polycyclic aromatid hydrocarbons and organic pollutants
from coal fired power plant). Report 750503-01 from Central Institute
of Industrial Research, Oslo, 13 Sept 1978. 74 p.

Alfheim, I., Jebens, A. and Olufsen, B., 1978:
Analyse av PAH i utslipp fra kullfyrt varmekraftverk. (Analysis of
PAH in effluent from coal fired power plant). Report 780425-2 from

Central Institute for Industrial Research, Oslo, Sept. 1978.

Andelman, J.B. and Snodgrass, J.E. 1974:
Incidence and significance of polynuclear aromatic hydrocarbons in the

water enviromment. CRC Critical Reviews in Environmental Control 4 (1):

69-83. *

Andelman, J.B. and Suess, M.J., 1970:

Polynuclear aromatic hydrocarbons in the water environment. Bull. Wld.

Hlth. Org. 43: 479-508.

Anderson, J.W. and Neff, J.M., 1975:
Accumulation and release of petroleum hydrocarbons by edible marine
animals. Vol. III: 1461-1469. Proc. Int. Symp. on Recent Advances in
the Assessment of Health Effects of Env. Poll. Paris,24-26 June 1974,

Anderson, T., Billfalk, L. and Thendrup, A.T., 1974:
Kjernekraftverk i Oslofjordomrddet. Rapp. nr 14. Hydrofysiske resipient-
vurderinger ved byggestedsalternativene Brenntangen, Vardasen og Hurum.
(Nuclear power plant in the Oslofjord area. Rep. No 14. Hydrophysical
recipient evaluations for the alternative locations Brenntangen,

Varddsen and Hurum), Report from the River and Harbour Laboratory,

Trondheim, 21 March 1974. 307 P-



- 64 -

de Angelis, E. and Giordano, G.G., 1974:
Sea urchin egg development under the action of benzo(a)pyrene and

7, l2-dimethylbenz(a)anthracene. Cancer Res. 34: 1275-1280.

Bachrach, E. and Lucciardi, N., 1932:
Influence de la concentration en ions hydrogene (pH) sur la multi-

plication de quelques diatomées marine. Rev. Algol.6: 251-261.

Barker, H.A., 1935:
The culture and physiology of the marine dinoflagellates. Arch.

Mikrobiol. 6: 157-181.

Beijer, K., Bengtsson, B-E, Jernelov, A., Laveskog, A., Leitner, G. and
Westermark, T., 1977:
Svenska Vattenkvalitets Kriterier — Metaller. Del I-II. (Swedish Water
Quality Criteria — Metals. Part I-II. Publ. B 398 from Swedish Water

and Air Pollution Research Laboratory, Nov. 1977. Stockholm.

Beyer, F., 1968:
Zooplankton, zoobenthos and bottom sediments as related to pollution

and water exchange in the Oslofjord. Helgolidnder wiss. Meeresunters. 17:

496-509.

Bjerkeng,B., Goranson, C.G. and Magnusson, J., 1978:
Unders¢kelser av alternative utslippssteder for avlgpsvann fra

Sentralrenseanlegg vest.
(Evaluation of alternative locations for the Westerm Central Sewage

Treatment Plant (Oslofjord area). Report 0-132/76 from Norwegian

Institute for Water Research and Samfunnsteknikk, Oslo, 74 p. + appendix.

Bjerkeng, B. and Knutzen, J., 1978:
Vurdering av vannutslipp fra kullfyrt kraftverk med sj¢vannsvasking
av re¢ykgasser.
(Evaluation of waste water from coal fired power plant with seawater
scrubbing of flue gas).Report 0-33/78 from Norwegian Institute for
Water Research, Oslo, Dec. 1978, 119 p.



- 55 =

Bjerkeng, B., and Knutzen, J., 1979:
Vurdering av vannutslipp fra kullfyrt kraftverk med sj¢vannsvasking av
rgykgasser. 2. Dyputslipp av vaskevann.
(Evaluation of waste water from coal fired power plant with seawater
scrubbing of flue gas. 2. Deep water discharge of scrubber water.)
Report 0-78033 from Norwegian Institute for Water Research, Oslo.

6 Nov, 1979, 70 p.

Bjerkeng, B. and Lesj¢, A., 1973:
Mixing of a jet into a stratified environment. Report from Norwegian

Institute for Water Research and COMPUTAS A/S, Oslo. 19 p. + appendix.

Bigrseth, A., Knutzen, J. and Skei, J., 1979:
Determination of polycyclic aromatic hydrocarbons in sediments and
mussels from Saudafjord, W. Norway, by glass capillary gas chromatography.
Sci. Total. Env. 13: 71-86.

Boalch, G.T., 1961:
Studies on Ectocarpus in culture. II. Growth and nutrition of a

bacteria free culture. J. Mar. biol. Ass. U.K. 41: 287-304,

Bokn, T., Kirkerud, L., Rygg, B. and Skei, J., 1978:
Review of existing data on cadmium and PCB in marine waters, biota and
sediments of Norway. Report 0-46/78 from Norwegian Institute for Water

Regearch, 15 Dec. 1978. 31 p.

Bonev. A.D. 5 1974:
Aromatic hydrocarbons and the growth of marine algae. Mar. Poll. Bull.
5 (12): 185~-186.

Boney, A.D. and Corner, E.D.S., 1962:
On the effects of some carcinogenic hydrocarbons on the growth of

sporelings of marine red algae. J. mar. biol. Ass. U.K. 42: 579-585,

Borowitzka, M.A., 1977:

Algal calcification, Pp 189-223 in H. Barmes (ed.): Oceanogr. Mar. Biol.
Ann. Rev. 15,



- 66 -

Borowitzka, M.A. and Larkum, W.D., 1976:
Calcification in the green alga Halimeda II1. The sources for
inorganic carbon for photosynthesis and calcification and a model of

the mechanism of calcification. J.Exp. Bot. 27 (190):879-893,

Brewer, P.G., 1975:
Minor Elements in Sea Water. Pp 415-496 in Riley, J.P and G. Skirrow
(ed.) Chemical Oceanography Vol 1, 2.(ed): Academic Press, London,

New York, San Francisco. 606 p.

Bromley, L.A., 1972:
Use of scrub water to scrub sulfur dioxide from stack gases.

Int.J. Sulfur Chem., part B., Vol. 7 (1):77-84.

Bromley, L.A. and Read, S.M., 1970:
Removal of Sulfur Dioxide from stack gases by Sea Water, Proj. Clean
Air. University of California Research Reports, Vol. 1, Research

Project S-15.

Bryan, G.W., 1976:
Heavy metal contamination in the sea. Ch. 3 in R. Jonston (ed.):

Marine Pollution. Academic Press. London, ete. 729 p.

Bryce-Smith, D. and Waldron, H.A., 1974:
Lead in food - are today's regulations sufficient ? Chemistry in

Britain 10 (6): 202-206.

Calabrese, A. and Davis, H.C., 1966:
The pH tolerance of embryos and larvae of Mercenaria mercenaria and

Crassostrea virginica, Biol. Bull. 131: 427-436.

Calder, J.A. and Lader, J.H., 1976:
Effect of dissolved aromatic hydrocarbons on the growth of marine

bacteria in batch culture. Appl. Env. Microbiol. 32 (1): 95:101.

Cox, H., Anderson, J.W. and Parker, J.C., 1975:
An experimental o0il spill. The distribution of aromatic hydrocarbons
in the water, sediment and animal tissues within a shrimp pond.
Pp. 607-612 in Proc. Conf. on Prevention and Control of 0il Pollution,
San Francisco, 25-27. March 1975, 612 p.



- 67 ~

Davey, E.W. & Phelps, U.K., 1977: ‘
Trace metals in the oceans: Problem or no? Pp 445-449 gg_Estuarine
Pollution Control and Assessment. Proc. of Conf. Vol. 2. U.S. Env.

Protection Agency. Office of Water Planning and Standards. Washington.

Doudoroff, P., Leduc, G. and Schneider, C.R., 1966:
Acute toxicity to fish of solutions containing complex metal cyanides,
in relation to concentrations of molecular hydrocyanic acid. Trans.

Amer. Soc. Fish. 95:6-22.

Droop, M.R., 1955:

Some new supralittoral protista. J. Mar. biol. Ass. U.K., 34: 233-245,.

EPA, 1976:
Quality Criteria for Water. U.S. Environmental Protection Agency,

Washington DC 20460. Report No EPA-44019-76-023, July 1976. 501 »p.

Fan, L.N. and Brooks, N.H., 1969:
Numerical solutions of Turbulent buoyant jet problems. Report No KH-R-

18. January -69, California Institute of Technology.

FAO, 1969:
Fishery technical paper No 94. Rome, 70 p.

FAO/WHO Joint Expert Committee on Food Additives (1972):
Evaluation of certain food additives and the contaminants mercury,
lead, and cadmium: Sixteenth report (FAO Nutrition Meetings Report

Series, No. 51; Wld Hlth Org. techn. Rep. Scr., No. 505).

Gaarder, T., 1932:
Untersuchungen iiber die Produktions— und Lebensbedingungen in norwe-
gischen Austernpollen. Bergen Museums Arbok 1932. Naturvitenskapelig

rekke Nr. 3. 5-64.

Gade, H.G., 1967:
Oslofjorden og dens forurensningsproblemer. I Undersgkelsen 1962-65.
Delrapport 2. Hydrografi (The Oslofjord and its pollutional problems.
I. Investigations 1962-65. Rep. 2: Hydrography) Rep. from Inst. of

Geophysics, Bergen Univ. and the Norwegian Institute for Water Research.



- 68 -

Gade, H.G., 1970:

Hydrographic investigation in the Oslofjord, a study of water
circulation and exchange. Univ. of Bergen, Geophysical Inst., Rep.

No. 24, 193 p. + appendix and figs.

Gibor, A., 1956:

The culture of brine algae. Biol. Bull. mar. biocl. Lab. Woods Hole
111: 223-229.

Goreau, T.F. 1961:
On the relation of calcification to primary productivity in reef

building organisms. Pp. 269-282 in The Biology of Hydra, Univ. Miami

Press.

Gramme, P.E., Terjesen, S.G., Thurmann-Nielsen, E., Bg¢ckman, 0.L, and
Tokerud, A., 1974:

Process for removal of sulphur-dioxide from flue gases by absorption
in sea water. Reprint from Flakt A/B Svenska Flaktfabriken. 8 p.

Int. Scandinavian Congress. Chem. Engineering, Copenhagen, 1974.

Grice, G.D. and Menzel, D.M., 1978:
Controlled ecosystem pollution experiment: Effect of mercury on

enclosed water columns. VIII. Summary of results. Mar. Sci. Comm.
4(1) 23-31.

Hampson, M.A., 1967:
Uptake of radioactivity by aquatic plants. I. The effect of pH on
the Strontium-90 and Yttrium-90 uptake by the green alga Ulva lactuca
and the effect of stable Yttrium on Yttrium-90 uptake.
J.Exp. Bot. 18(54):17-33.

Humphrey, G.F., 1975:
The Photosynthesis: Respiration ratio of some unicellular algae.

J.exp.mar.Biol. Ecol. 18:111-119,

Hutton, W.E. and Zobell, C.E., 1949:
The occurrence and charachteristics of methane-oxidizing bacteria

in marine sediments. J.Bact.58: 463-473.



_69_

Ishio, S., Yano, T. and Nakagana, R., 1971:
Algal cancer and causal substances in wastes from the coal chemical
industry. Pp III - 18/1-18/8 in S.H. Jenkins (ed.): Advances in Water
Pollution Research. Proc. 5th Int. Conf., San Francisco and Hawai 1970,

Vol. 2. Pergamon Press, Oxford, etc. 1971.

Ishio, S., Chen, J.C., Kawasaki, Y. and Ohba, N., 1977:
Cell division of Gyrodiniwm sp. and mitotic delay induced by
causal substances of algal tumor and carcinogens. Bull. Jap. Soc.

Fish. 43(5) : 507-516.

Istin, M., 1975:
The structure and formation of calcified tissue. Pp. 1-68 in Malino,
D.C. and Sargent, J.R. (ed.).Biochemical and biophysical perspectives

in marine biology. Vol. 2. Academic Press. 359 p.

Kinne, 0., 1972:
Marine Ecology. A comprehensive, Integrated Treatise on Life in Oceans
and Coastal Waters. Vol. 1. Environmental Factors Part 3 (p. 1245-1774).

Wiley - Interscience, London, etec.

Knutzen, J., 1976:
Polysykliske aromatiske hydrokarboner - forekomst og effekter i
miljget (Polycyclic aromatic hydrocarbons - occurrence and effects
in the environment. Pp. 401-417 in Proc. 12th Nordic Symposium on
Water Research. Visby 11-13 May 1976. NORDFORSK, Secr. of Env.
Protection. Publ. 1976(2). Helsinki. 640 p.

Knutzen, J., 1978:
Utslipp av PAH fra elektrokjemisk industri. Akkumulering og effekter
i det marine milj¢. (Discharge of PAH from smelters. Accumulation and

effects in the marine enviromment). Reprint 3921 from Kjemi Vol 1

(1978). 3 pp.

Kullenberg, G., 1969:

Measurements of Horzontal and Vertical Diffusion in Coastal Waters.
b ]

Kung. Vetenskaps~ og Vitterhets—samhallet, Scr. in Geophysica, 2

Gothenburg, Sweden, 51 p.



_70..

Kullenberg, G., 1972:
Apparent horizontal diffusion in stratified vertical shear flow.

Tellus XXIV (1): 17-28.

Kuwatani, Y. and Nishii, T., 1969:
Effects of pH of culture water on the growth of the Japanese pearl

oyster. Bull. Jap. Soc. Sci. Fish. 35(4): 342-350.

Kylin, H., 1917:
Uber den Einfluss der Wasserstoffionen und Konsentration auf einigen

Meeresalgen. Botaniska Notiser 1927: 243-254,

Landner, L., 1977;
Polyaromatiska kolvaten i vattenmiljo. Kunnskapssammenstallning.
(Polyaromatic hydrocarbons in the aquatic environment. Summary of
present knowledge).Publ. B 399 from Swedish Water and Air Pollution
Research Laboratory, Stockholm, De. 1977,

Lee, R.F., 1975:
Fate of petroleum hydrocarbons in marine zooplankton. Pp 549-553 in
Proc. Conf. on Prevention and Control of 0il Pollution. San Francisco

25-27 March 1975. 612 p.

Lee, R.F., Sauerheber, R. and Benson, A.A., 1972 a:
Petroleum hydrocarbons:  Uptake and discharge by the marine mussel

Mytilus edulis. Science 177:344-346,

Lee, R.F., Sauerheber, R. and Dobbs, G.H., 1972 b:

Uptake, metabolism and discharge of polycyclic aromatic hydrocarbons

by marine fish. Mar. Biol. 17 : 201-208.

Loosanoff, V.L. and Tommers, F.D., 1947:

Effect of low pH upon rate of water pumping of oysters, Ostrea virginica.
Anat. Rec., 99: 112-113.



Le¢vblad, G., 1977:

Trace element concentration in some coal samples and possible emissions
from coal combustion in Sweden. Publ. B 358 from Swedish Water and Air

Pollution Research Laboratory., March 1977, 8 p.

Magnusson, J., 1979: -
Forurensningsutviklingen i Indre Oslofjord - overvaking av oksygen-—
forholdene i fjordens dypvann. (The trend of pollution in the

Inner Oslofjord, Pp. 37-51 in K. Pedersen (ed): Yearbook of Norwegian
Institute for Water Research, 1978. Oslo, 1979. 137 p.

Magnusson, J., Kirkerud, L., Nilsen, G. and Skei, J., 1979:
Undersgkelse av hydrografiske og biologiske forhold i indre Oslofjord.
Overvakingsprogram. Arsrapport 1978. (Hydrographical and biological
investigations in the Imnner Oslofjord. Monitoring program. Report
for the year 1978).Report 0-71160 from Norwegian Institute for Water

Research, 23 August 1979, g1 pP.

Marking, L.L., 1975:

Effects of pH on toxicity of antimycin to fish. J. Fish. Res. Bd. Can.
32: 769-773.

Mc Lachlan, J., 1963:

Some effect of tris (hydroxymethyl) aminomethane on the growth of

Haematococcus pluvialzs. Flotow. Can. J. Bot. &41: 35-40,

Mc Laughlin, J.J., 1958:
Euryhaline Chrysomonads: Nutrition and toxigenesis in Prymmesium

parvum, with notes on Isochrysis galbana and Monochrysis Llutheri.
J. Protozool. 5: 75-81.

Mc Leay, D.J., Walden, C.C. and Munro, J.R., 1979:
Effect of pH on toxicity of kraft pulp and paper mill effluent to

salmonid fish in fresh and seawater. Water Res. 13: 249-254.

Mearns, A.J. and Young, D.R., 1977:

Chromium in Southern California Marine Environment. Pp. 125~142 in

C.S. Giam (ed.): Pollutant effects on marine organisms. D.C. Heath
& Co. 213 p.



- 72 -

Neff, J.M., 1979:

Polycyclic aromatic hydrocarbons in the aquatic environment

Appl. Sci. Publ. London. 262 p.

Neff, J.M., Cox, B.A., Dixit, D. and Anderson, J.W., 1976:
Accumulation and release of petroleum~derived aromatic hydrocarbons

by four species of marine animals. Mar. Biol. 38: 279-289.

Norsk Viftefabrikk A/S, 1979:
Kullfyrt varmekraftverk - Tungmetallbalanser - Flakt-~Hydro Prosessen.
(Coal fired power plant - Balances of heavy metals - Flakt-Hydro
process). Unpubl. report of Aug. 1979 with supplement of 27 nov. 1979.

Ogata, E., 1966:
Photosynthesis in Porphyra tenera and some other marine algae as

affected by Tris (hydroxymethyl) aminomethane in artificial media.

Bot. Mag. Tokyo 79: 271-282.

Ogéta, E. and Matsui, T., 1965:
Photosynthesis in several marine plants of Japan in relation to carbon

dioxide supply, light and inhibitor. Jap. J. Bot. 19 (4): 83-98.

Paasche, E., 1964:

A tracer study of the inorganic carbon uptake during coccolith

formation and photosynthesis in the coccolithophorid Coccolsthus

huxley . Physiologia Pl. Suppl. III. 82 p.

Palmork, K., 1974:

Polysykliske aromatiske hydrokarbonmer i det marine milje.

(Polycyclic aromatic hydrocarbons in the marine environmment).Pp 99-125
in Proc. 9th Nordic Symposium in Water Research, Trondheim, 27-29 June
1973. NORDFORSK, Secr. of Env. Protection. Publ. 1974 (4), Helsinki,
328 p.

Perkins, E.J., 1976:

The evaluation of biological response by toxicity and water quality
assessments. Ch. 7 in R. Johnston (ed.)}: Marine Pollution, Academic

Press London, etc. 729 p.



- 73 -

Powell, N.A., Sayce, C.S. and Tufts, D.F., 1970:
Hyperplasia in an estuarine bryozoan attributable to coal tar

derivatives. J. Fish. Res. Bd. Can. 27 (11): 2095-2098.

Riley, J.P. and Chester, R., 1971:
Introduction to marine chemistry.Academic Press London and New York.

465 p.

Robbins, J.V., 1977:
The effect of total carbon supply, irradiance, pH, temperature and
salinity on short term photosynthesis of Palmaria almata (L.) Crev.

J. Phycol. 13 (Suppl.): 58.

Ross, C.D., Williams, W.G., Hollister, T.A. and Parrish, P.R., 1977:
Method for determining acute toxicity of an acid waste and limiting
permissible concentrations at boundaries of an oceanic mixing zone.

Env. Sci. Technol. 11(4): 367-371.

Rye, H. and Thendrup, A., 1978:

Grovvurdering av utslipp fra Flakt-Hydro prosessen for rensing av

avgasser ved forbrenning av olje.
(Rough evaluation of effluent from the Flakt-Hydro process for
treatment of flue gas from oil combustion), Report from The River

and Harbour Laboratory, Trondheim, 65 p.

Sano, H., 1976:

The role of pH on the acute toxicity of sulphite in water. Water

Res. 10: 139-142,

Schlieper, C., 1955:
Die Regulation des Herzschlages der Miesmuschel MytZlus edulis L.
bei geoffneten und bei geschlossenen Schalen. Kieler Meeresforsch.

11: 139-148.

Simpson, F.J., Neish, A.C., Shacklock, P.F¥., and Robson, D.R., 1978:
The cultivation of Chondrus crispus. Effect of pH on growth and

production of carrageenan. Botanica Marina XXI: 229-235.



- 74 -

Smith, A.D. and Roth, A.A., 1979:
Effect of carbon dioxide concentration on calcification in the red

coralline alga Bosiella orbigniana. Mar. Biol. 52: 217-225.

Steemann-Nielsen, E. and Wium-Andersen, S., 1970:
Copper ions as poison in the sea and in freshwater. Marine Biology 6:

93-97.

Sugawara, K., 1978:
Interlaboratory comparison of the determination of mercury and cadmium

in sea and fresh water. Deep—Sea Res. 25: 323-332.

Sunda, W. and Guillard, R.R.L., 1976:
The relationship between cupric ion activity and the toxicity of

copper to phytoplankton. J.Mar. Res. 34(4): 511-529,

Sverdrup, H.U., Johnson, M.W. and Fleming, R.H., 1942:
chemistry and general biologv. Prentice

The Oceans. Their physics,
Hall Inc. Englewood Cliffs, N.Y. 1060 p.

Swedish Department of Industry/Energy Commission, 1978:
Miljoeffekter och risker vid utnyttande av energi.
(Environmental effects and hazards from utilization of energy.) Report

of the Export Group on safety and environment. Part 1. Ds I, 1978:

27. Liber Forlag, Stockholm.

Swift, E. and Taylor, W.R., 1966:
The effect of pH on the division rate of the coccolithophorid

Criscosphaera elongata. J. Phycol. 2 (1966): 121-125.

Taylor, D., 1977 a:
the data on the toxicity of various materials to

A  summary of
aquatic life. Vol.I. Mercury. Imperial Chemical Industries Ltd.,

Brixham Laboratory BL/A/1784. February 1977

Taylor, D., 1977 b:
the data on the toxicity of various materials to

A  summary of
aquatic life. Vol. II. Cadmium. Imperial Chemical Industries Ltd.,

Brixham Laboratory BL/A/1788. March 1977.



- 75 -

Wegmann, K. and Metzner, H., 1971:

Synchronization of Dyngliella cultures. Arch. Mikrobiol. 78: 360-367.

WHO (World Health Organisation) 1973:

Trace Elements in Human Nutrition. Report of a WHO Expert Committee.

Techn. Rep. Ser. No 532. Geneva, 65 p.

Woodhead, P.M.J. and Weber, J.N., 1973:
The ev3lution of reef building corals and the significance of their
association with zooxanthellae. Pp280-304 in E. Ingerson (ed.): Proc.

Symp. Hydrogeochemistra and Biogeochemistry. Clarke & Co., Washington
D.C.

Zirino, A. and Yamamoto, S., 1972:
A pH-dependent model for the chemical speciation of copper, zinc,

cadmium and lead in seawater. Limnol. Oceanogr. 5: 661-671.

Zobell, C.E., 1941:

Studies on marine bacteria. I. The cultural requirements of

heterotrophic aerobes.



..76._

APPENDTIZX

THEORY AND PARAMETERS FOR CALCULATION
OF PLUME SPREADING
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1. THEORY

For a plume following a current in the x-direction, spreading by diffusion
in y-(horizontal) and z-(vertical) direction, the concentration of a

substance is described by the equation.

Q,. €, 2 ,2
c(x,y,z) = * exp - J - Al

Zﬂﬁy'dz . UX 20 2 20 2

where spreading follows the equations

2
qay ) 2 ky , ky = ¢ B 4/3 A2
dx =~ U
X
dcjzz _ 2k, A3
dx Uy

cy, o, is the standard deviation of a normal distribution in y,z~direction.
The other parameters are:

Qo = volume flux of effluent
CO = concentration in effluent
Ux = current velocity

ky,kz = diffusion coefficient

For a physical distribution, total thickness h and width B of the plume

are expressed as:

h = f ¢ , B = f g
z

N
<
]

n
where fz = 4 and £ 2 4 for two—-sided plume, Y 2 for one-sided

plume along shore-line.
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Equations (4), (5) may then be rewritten as differential equations for dif-~ =

fusive spreading:

2 e fy2 . e.p 1/3 (A4)
. Ux

dh - 2 kz

A qigf z Ush (45)

Expressions for purely gravitational spreading are found by using equation
(1) in chapter 4, the condition dB/dt = u - fv/2 and the continuity relation for

mass, h°'B = constant. The resulting equations are:

dB .y amm o -le ~ 0.128 (A6)
dxgrav 2 UX

dh - _h dB

dxgrav B dx arav (A7)

The mechanisms of diffusion and gravitational spreading are now combined
into one set of equations. Horizontal spreading will be a non-linear com-
bination of the processes in eq. A4 and A6 If we assume that spreading

energy is combined linearly, it is natural to sqare-sum velocities, i.e:

P 2 1
dB1 = [ap? + dB 2 (48)
dx dx diff dx grav

for the increase of total width B, .

Inside this width there is a central part where gravitation dominates, and
where concentrations are constant horizontally across the plume. The width of
the central part B, equals B, initially, decreasing to zero as horizontal
diffusion takes over. If the central part is "eroded" with the same velocity

as the plume spreads outwards from the gravitation front, we have
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s
dB 48 - [4By _ dB_ if B, >0
_2 = dx‘grav ) dx dx
dX graV (A 9)
<4
0 i =
hvis B2 0
.

The vertical mixing according to eq.(A5) and the flattening according to

eq. (A7) are combined linearly, with a mean B-value applied in eq.(A7):

dh _ dh _2h dB (A10)
dx dx e dx
diff (B1 + Bz ) grav

Diffusion is expected to smooth out the differences in density gradients

inside and outside the plume, this is expressed by a decreasing factor a:

- . (So b -
a(x) = o ( /Smin ) » a, = 0.128 (A11)
where
So = primary dilution
Smin (x) = center dilution of plume at distance x from the
outlet area.
S . is calculated as
min
g = 0.6 " h " (By+ (By=By) * 0.6) - Uy (A12)
min
Q,

with 0.6 being the ratio between lowest and mean dilution in a one-dimen-

sional normal distribution, or as

S . = 0.75 * S. (A13)
min

given by NIVA-Samfunnsteknikk (1978) for the outfall area. The lowest

of the two values are used.
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Eq. (A8 through (A10) may now be solved numerically as 1.order differential

equations in x, with expressions (A4 - A7), (All - Al3) inserted.

To accumulate water volumes and horizontal area affected by dilution below
given limits, the normal distributions are approximated by cosine func-—

. . . . + ..
tions with Il corresponding to 40, going to zero at - 20 and thus giving a

more realistic description of the fringes of the plume.

To account for the over-all concentrations of effluent in the recipient a

corrected dilution factor

1 1 1

Sbackground

is applied in the equations above.

PARAMETERS FOR CALCULATION OF PLUME SPREADING.
MIXED OUTFALL.

Standard set of parameter values:

£o= 4 Q = 36 m/s
4 . °
k = 10 m /s S = 3
z -1 o
N = (0.085 s S.. = 30
1im
o, = 0.128 U,.e = 0.17/s
_ -5 2/3 -1
€ = 4.,55-10 m s hb = 5m
Calculation Perturbation of Calculation Perturbation of
no. parameter set no. parameter set
1 none 8 h0 = 2m
m
2 res = 0.03 m/s 9 hO = 10 m
3 U = 0.3 /s 10 fy = 2 (along shore)
4 s, = 2 1 k= 0.51075 n’/s
= _ -5 2
5 SO 5 12 kz = 5,10 m/s
6 Slim = 50 13 N = 0, o =20
(only diffusion)
7 Sl' = 1000 14 e = 0 (Only gravi-
im . . .
tation in hori-
i zontal direction)
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The standard value of kz may be somewhat low, but the order of magnitude
is in accordance with estimates by Anderson & al., (1974), Gade (1970)

and Kullenberg (1969). The stability N is the mean value for the observed
density profiles. The value of e is taken from Rye and Thendrup (1978) and

is in accordance with Kullenberg (1972).

. CALCULATION OF PARAMETER VALUES FOR PLUME SPREADING.

SEPARATE OUTFALL OF SCRUBBER EFFLUENT.

Calculatiod Stability | Vertical Current velo- | Primary Im}tial Background
N diffusion city dilution thickness | 4i1ution
_ coeffisient So of plume
nr (s 1) kz (m3/s) (m/s) (23 S max
1 0.0031 6-107% 0.02 20 ‘15 100
2. " " " " " 700
3 " " 0.10 50 6 100
4 " " " " " 700
5 0.016 9.107° 0.02 12 5 100
6 " " " " " 700
7 " 1o 0.1 20 3 100
8 " " " " " 700
9 0.044 2:107° 0.02 8 2 100
10 " " v " " 700
11 " " 0.1 12 1 100
12 " " " " " 700
Fixed parameters: fy = 4
a, = 0.128
= 4.55-107° n?/3/s
Q. = 7.2m/s.





