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ABSTRACT

Disposal of hot wastewater from a standard steagteqyower plant directly into an existing naturaterway
inevitably leads to an increase in temperatures thanges various physical-chemical propertiesadérysuch
as density, viscosity, surface tension and solyhilf gases. The influence of heating on aquatasgstems is
ambiguous, and at different levels of heating ityntee both positive and negative. The most important
ecological factor is then to limit excessive heamging which will exceed the buffer capacity of thguatic
ecosystem. Of the many environmental factors imibireg an ecosystem probably none exerts a moreymdf
influence than temperature. Nesjavellir geothere@igeneration power plant in SW-Iceland utilizeghhi
temperature geothermal fluid for production of &fedty and hot water for district heating. The pia
wastewater is either pumped into shallow drill lsote disposed off in a stream, which finds its viatyp a
freshwater Lake. Result of water temperature measents done to determine the extent of thernflalence
show that large volume of geothermal effluent (40.9 84.0°C) disposed of has caused a rise in sathmer
and winter temperature at lake shoreline outfld@ssiSummer temperature was in the range of 1+.27%3°C
with definite outflow sites temperature being i ttange 23.4-27.3°C. During winter temperature atagja
varied from 0.6°C on the ice edge to 26°C at theutnoTo minimize local effects deep reinjection of
geothermal wastewater and further cooling of thademsed steam was recommended.

INTRODUCTION

Aquatic ecosystems are composed of the biologioaincunity (producers, consumers and decomposess), th
physical and chemical (abiotic) components andrtimeractions. Within aquatic ecosystems, a comple
interaction of physical and biochemical cycles gxasd changes do not occur in isolation. Aquaticsgstems
thus undergo constant change. However ecosystenesdeveloped over a long period of time and orgasis
become adapted to their environment. In additicnsgstems have an inherent capacity to

withstand and assimilate stress based on theiuerplysical, chemical, and biological propertiesnétheless,
systems may become unbalanced by natural factdrishvinclude drastic changes in climatic variatiansoy
factors due to human activities. Any changes esafigciapid ones, could have detrimental effects MEC
2001).

Adverse effects due to human activities, such Besase of toxic chemicals in industrial effluentsayraffect
many components of aquatic ecosystem, the magniatidehich will depend on both biotic and abioti¢esi
specific characteristics. In evaluation aquaticsgstems are always viewed as whole units, not rimgeof
isolated organisms affected by one or few pollga(@CME, 2001). As effluents are released into the
environment through natural processes or humawites, they may enter aquatic ecosystems andtiparinto
particulate phase. These particles may remainemtter.

Heated wastewater discharge effects on aquatic camities

Thermal pollution has been directly associated withdevelopment of the heat and nuclear powemneergding,
whose operating objects discharge large volumesvafmed water into water reservoir (Beznosov and
Suzdaleva, 2001).

If hot wastewater from a standard steam cycle pgiant is released directly into an existing ndtwaterway

it inevitably leads to an increase in temperatiitds changes various physical-chemical propertfesater,
such as density, viscosity, surface tension andbdly of gases. The influence of heating on aguat
ecosystems is ambiguous, and at different levelkeatting it may be both positive and negative. et
important ecological factor is then to limit exdessheat dumping which will exceed the buffer capacf the
aquatic ecosystem. Of the many environmental fadtdtuencing an ecosystem probably none exertgem
profound influence than temperature.

Due to its pivotal role in biological activity (delopment, growth and reproduction) temperatureldrag been
recognized as an important environmental factorbwoth terrestrial and aquatic ecosystems. Seasonal
temperature differences, characteristic of higlditudes, strongly influence the biological actvidf aquatic
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organisms and establish cyclical patterns thatnofteediate the scope of each activity. Over the -i@nm,
changes to the thermal regime of the surroundingr@mment can effect the evolutionary, physiologiaad
behavioural responses of individual organisms (Begfcal., 1990).

Temperature directly influences the metabolic rapdgy/siology, and life-history traits of aquaticespes and
helps to determine the rates of important commupitycesses such as nutrient recycling and prodtyctiv
(Allen, 1995). Thermal loads can cause negativegsses in local areas of aquatic environment, agabver
growth of blue-green algae deteriorating the watedlity, change in the composition of plankton aydamics
of its numbers, disruption of fish and other aquatbmmunities. Fluctuation in water temperatureuoes
behavioural and physiological responses in aquatimnisms. Permanent shifts in temperature regicaes
render formerly suitable habitat unusable by natjwecies.

Because of ecological importance of lake tempeeatyreventing or mitigating anthropogenic thermal
degradation is a common concern for resource masagtoole and Berman, 2001). In serious cases a
permanent increase in water temperature levelse=arit in a complete change of the community whetregh
temperature tolerant species take over. In mildees water temperatures variations among sitescreaye
differences in the physiological and behaviouralaaddages among aquatic organisms hence influerhigig
competitive ability and distribution as indicateglthe study of Taniguchi et al. (1998) showing ttlagnges in
competitive ability (measured as food consumptiot aggression) could be temperature mediated.

Many studies have shown the effects of thermalhdisges on aquatic communities. Squires et al. (LST@ly
of water temperature increases caused by thermsahaiges in the Provo River in Utah, USA found mjus
algal community which was attributed to this thekaliacharge. Flora displayed an overall similaiityspecific
composition but with zonation related to local eamimental conditions.

Esterly (1975) study of thermal effluent effectstba benthos of Thomas Hill Reservoir, Missouri,AJ8und
maximum surface water temperature was 37 °C whiltotn muds varied between 8-29 °C. Numerical
abundance and biomass of benthos were greatee icottitrol Arm than in the hot water Arm but heateater
had no apparent deleterious effects on the benthos.

Hickman and Klarer (1975) showed that thermallthsges caused an increase in the standing cropfthe
epiphyton associated with sedg&sgripus validusand the mean primary productivity also increaSdtermal
discharges were also found to cause changes ifespmamposition and dominance in algal communities.

Klarer and Hickman (1975) monitored water tempemtudissolved oxygen and water chemistry in a lake
receiving heated water and found no large variationthese parameters except for water temperatode
dissolved oxygen levels among the stations.

Phytoplankton species have also an optimum termyrerathere growth rate is maximal. The growth rdte o
phytoplankton generally increases with temperatardy within a certain temperature range, and the
temperature dependency of the growth rate differ®ray species. Species found growing at a higher
temperature usually have a higher optimum tempesgfuzuki and Takahashi, 1995).

A study at Madras Atomic Power Station, India shdweat thermal discharge affects benthic commumitie
three ways; reduction in composition of the assaqés; increased abundance of the so-called opjsiituor
ephemeral species and alteration of populatiovagycs of the most abundant species. Death of alaflohe
macrofauna and flora species was observed durmdndh season in an area impacted by the heated: el
Much of the area that showed consistent thermateffon benthic community structures (Suresh £1983).

The response of freshwater algae to temperatunegehhave also been summarized by DeNicola (199%) an
include a variety of effects that have been studiethe cellular, population and community leveldilidual
responses are highly dependent upon the varialilityhe physicochemical environment and spatio-t@mip
pattern in species distribution. Physiological wsges to temperature include changes in concenmtsatf
photosynthetic and respiratory enzymes, changesliquota and nutrient uptake, as well as altenatin fatty
acids and proteins. Individual populations havenbeBown to exhibit minimum, maximum and optimal
temperatures for growth that contribute to spec@sposition and diversity and eventually lead tassaal
succession.

Temperature changes beyond threshold levels canhalge variable effects on aquatic insect commesniti
diapause induction as a function of endocrine meeg hatching success which decreases at lowgbr hi
extremes; larval growth, adult size and fecunditly which temperature has influence on the rateeefling,
assimilation and respiration, food conversion éficies and enzymatic kinetics; voltinismand timing of

® Number of generations per year based on larvaltreate.
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adult emergence which may be premature or delagpérting on temperature increase or decrease (8yeen
and Vannote 1981).

High but sub-lethal temperature can affect fishaimumber of ways. The effects may reflect metabolic
inefficiencies, susceptibility to disease and tafiects of pollutants, changes in behaviouralgras, intra- and
inter-specific competition, predator-prey relatibips, community composition and parasite-host imtahips
(Dickerson and Vinyard 1999).

A study of ecological effects of hot water discheaad a steam electric generating plant in CrysteéR Florida
on fishes found that species abundance was highapraaffected sites than affected station (Griragd
Mountain, 1971).

Carr and Giesel (1975) found that both the numbadsbiomass of juvenile fish in the thermally aféetcreeks
were 3-10 fold smaller than those obtained fromciteek at ambient temperature.

A study of the thermal effluent effects on the coummity structure and nursery function of fish in estuary
showed decreasing numbers of species with decepasitance from the thermal outfall (Jones et ¥996).

The thermal effluent only affected the species cositipns in the inner estuary, and estuary-oppdstien
species. During winter/spring months, thermal effiuattracted some fish species to the warmer watethe

inner estuary. The extended growth season for spelgies and significantly higher growth rates pruo
premature movement out of the inner estuary. Thterleffects were postulated to lead to alteratbrihe

population structures of the species by increashmdr vulnerability to heavy localized fishing intgty,

aggregation of natural predators and point-soucti@mon.

In a study Mosquitofish from thermally affectedtstas (28 to 40°C) and unaffected sites (12 to 298€C
reproductive activity, sex ratios, size at sexuaturity, percentage of fat, and size structure. rigéénand
Goodyear (1978) showed that mean brood size oflptipns from thermally affected areas generallyiagr
inversely with water temperature.

Stauffer et al. (1974) studied the distributiorfieh in two rivers in relation to thermal dischasgeom a fossil
fuel power plant. They noted a slight decreaseiverdity indices for stations located in the thekhacharge.
The results showed that while a number of speciee wot affected; others avoided high temperathregs
others were attracted to high temperatures.

Exposure to thermal effluents can possibly compsengametogenesis in fish (Luksiene et al., 200@Qh H
temperature in Swedish and Lithuanian thermal efftiareas influenced gametogenesis of female pjezota
fluviatilis, roachRutilus rutilusand pikeEsox luciusegatively, indicating reduced reproductive capacit

In the mitigation of effects arising from heatedtevadischarge on aquatic communities, the most ftapod
ecological factor will then be to limit excessiveat dumping that might exceed the buffer capadityhe
aguatic ecosystem as a way of eliminating the prodanfluence of temperature on such communities.

1.2 Nesjavellir co-generation power plant and Lakaingvallavatn

Nesjavellir co-generation power plant is locatedhi@ Nesjavellir geothermal field, a high enthatmothermal
system within the Hengill Central Volcano in southstern Iceland, on the south of Lake Thingvallav@&ig.
1). Thingvallavatn is a rift lake of high conservatibmalue (J6nasson, 1992), fed 90% by undergroundgp
with main springs entering in the north at a terapge of 2.8-3.5°C. Warmer groundwater entersdke In the
southwest from the Hengill geothermal area (Olafssb992). Geothermal investigations at Nesjavellir
commenced in 1946, however, it was not until 1988 & decision was made to harness the geothesatafdr
district heating in Reykjavik (Gunnarssehal 1992). By 1990, 14 production boreholes had kéled, and
all except one were successful. That year the Meljapower plant was commissioned, generatinguali®0
MW,, by producing about 560 I/s of 82°C hot water district heating. In 1995 the capacity was expaned
150 MW, and in 1998 to 200 MWand the production of 60 MWbf electricity commenced (co-generation
plant).
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Figure 1. Location of Nesjavellir geothermal-generation plant and Lake Thingvallax

The cogeneration power plant has two functions. The fsgb produce electricity with the geothermal ste
The second is to heat cold groundwater for dishiéating. ligure 2 shows the general design of the plant.

electricity production phase is a steam cycle desigrently generated by three steam turbines, 8adl\W.

The steam is condensed in a tubular condenser @olddcto approximately 55°C with cold growater. The
condensate is disposed of in shallow boreholefiénnearby lava field. The cooling water is pumpenf a
shallow freshwater aquifer (Gramelur) in the lava field 6 km gwieom the power plant. The temperature
the cooling water is 5-7°C.He cooling water is heated to about 55°C in thelearers, and then piped throt
heat exchangers, for final heating to 87°C, usieg92°C hot geothermal water from the separaliothe hea
exchangers the geothermal water is cooled to 5&i€lgsol, 2000). Used and unused brine at flow rate ot

143 kg/s at 46 100°C are discharged in the nearby Nesjavellirastréhat disappears into Nesjahraun lav
Laekjarhvarf. About 12840 kg/s of condensate at-68°C and 343776 |/s of cooling water 49-69°C is also
discharged into shallow drillholes that connectsudace groundwater (Wetang'ula and Snorrason3R0this

mixes with groundwater, which flows some 3.8 knthe lake Thingvallavatn. Present installed capaisit§0

MW, and 200 MW. The project aim was to evaluate the thermal effettgeothermal wastewater disposal
Lake Thingvallavatn water temperature at the aawfpoints
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Figure 2. Nesjavellir geothermal generation power plant flow diagra
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METHODOLOGY

Beginning in June 2003 water sampling was initiateddescribe spatial variability in the water gtyalat
various study sites along the shore of Lake Thitigvatn, Iceland influenced by geothermal outflow.
Temperature mapping was carried out on the soutsieoreline of the lake (Fig. 3) to determine geotisd
water outflow sites by use of digital thermometeolg Palmer).

Approximately ten sites were verified as definitéftow points of warm wastewater into Lake Thindaaatn.
The sites represented a gradient of the influerfcgeothermal wastewater on Lake Thingvallavatn wate
quality.

Temperature and conductivity transect measurements

During transect mapping, a YSI 650 Multiparametésplay System logger (YSI Environmental) was used t
measure temperature (accuracy *0.15, resolutioh°G)) specific conductivity (accuracy +0.5% of raap
+0.001 mS/cm, resolution 0.001 or 0,1 mS/cm), dvesb oxygen — mg/L (accuracy 0 to 20 mg/L: +2% of
reading or 0.2 mg/L, whichever is greater, 20 tar@fJL: +6% of reading, resolution 0.01 mg/L), pH¢aracy
0.2 unit, resolution 0.01 unit) and depth (accyr&a8.02 m). The parameters were logged along theetions
of three different transects at both Varmagja alaike starting from the mouth.

RESULTS
Water temperature and conductivity

The results for summer 2003 water temperature meamnts at definite outflow sites along the shaeelbf
Lake Thingvallavatn from Markagja to Gramelur asesaown in figure 3. The lowest and highest outfkites
water temperature was 16.8 and 27.2 °C at sitesl 2 aespectively. Water temperature at other owtiites
sampled was within a temperature range of 23.4225 °

Conductivity of water at the outflow sites was I@vat site 1 (210us) and highest at site 8 (322with) a
spatial increase in conductivity from site 1 thrbwgite 10 (Table 1). Conductivity at sites 7-10 wagch higher
compared to sites 1-6 (Fig. 4).

Variation in conductivity and water temperaturehndgtepth at two sites; Varmagja and Eldvik baseduonmer
2003 transect measurements show a general trencbrafuctivity and water temperature decrease with
increasing depth. Temperature profiles taken atn1@5 m, 50 m and 75m mark along three differesnigect
(Va T1, Va T2 and Va T3) from the mouth of Varmagjaansect Va T2, Fig. 5) show a decrease in water
temperature as one moves further away from the m@it10 m from the mouth, there is no pattern mtev
temperature with depth with the water temperataiadin the range 14-25 °C (Fig. 5a).

Water temperature decreases with increasing demthdstance from mouth of Varmagja at the profitenps
for transects. This was also true with the tempeegprofile of other Varmagja transects Va T3 ardI\.

Table 1: Conductivity and water temperature
various major geothermal water outflow sites (

2003)
340
20| ma "
R o O Temperature
3007 xst4 Point Conductivity (us) (°C)
= XSt.5
52801 +su6 ' Site 1 210 16.8
= ost.7 .
Soe0] osis *i Site 2 215 27.2
Eaol csx Site 3 263 24.7
2201 i Site 4 269 24.7
. .
OO e Site 5 267 24
15 17 19 21 23 25 27 29 Site 6 277 25
Measured temperature, °C Site 7 314 24.7
Figure 4: Relationship between conductivity and water tempeeat Site 8 322 24.6
at major outflow sites Site 9 310 24.6

Site 10 309 23.4
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The winter temperature profiles at Varmagja alsorei@se with increasing depth and distance frormtbath.
For example point V2 which is just close to the tholiad a surface (30 m depth) temperature in thgeraf 5-
26°C. At profile points V4, V5 and V6 a layer of mmawater is floating on cold water as indicateddogp in
temperature with increasing depth. Points V3 andaiich were closer to the ice edge had lower teatpes

of < 1°C at a depth of 2 m which however increasel5-4.0 °C at 3-3.5 m depth (Fig. 7). Winterfasce water
temperature around Varmagja were high at the mbuthdecreased with decreasing distance to thehieets
(see Fig. B The temperature range at Varmagja was 0.6 °C theaice edge to 26 °C at the mouth. Water
temperature at Varmagja outflow site was 27.924points previously measured in the summer weeefiee
despite most part of the lake having frozen.

DISCUSSION
Variation in water temperature and conductivity autflow sites

From the temperature measurements at the varitas along southern shoreline of Lake Thingvallayitis
evident that the inflow of warm water has elevathd springs temperature in relation to the ovelae
temperature which is usually varies between 6-1in°G@ummer and 0°C in winter reading. At most awfl
sites, the water temperature have increased maretio folds the average lake temperature. Reboits the
temperature profile transects taken at both Varmagjd Eldvik show a similar trend in water tempaneat
increase. A few meters from outflow sites into ke, there is a drop in water temperature fromtéopottom
showing that the warm geothermal wastewater istifigaatop the cold lake water. The volume increiase
warm wastewater disposal from the power plant é&nde elevated water temperatures at the therraffibgted
springs from Varmagja towards Eldvik. This was eagires by the fact that during winter when mostspaf
the lake had frozen forming a thick ice sheet, nsestion around Varmagja and Eldvik were ice fiEgere
surface water temperature decreased with decredstance for the mouth of the outflow sites to iteedge.
Judging by elevated temperatures in drill holesf¢tdd®, 2001) at the edges of the warm water toutige,
elevated summer and winter water temperaturestiibewsites further to the south of Eldvik is nosarprise.
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The effects of elevated outflow sites temperatore3 hingvallavatn will only be on a local scalegs$ég. 5). In
calm weather tongues of warm water floatingthe surface may form temporarily. Such layeringjkisly to
break down quickly due to wave action when the wpicks up. Any large scale effects of elevatedrap
temperature on the Thingvallavatn ecosystem arexmécted. Efficient water mixing (Srrason, 1982) causes
temperature drop to the normal lake temperaturewanfieters away from sites of outflow. Hence, themad
cold water adapted benthic algal communities wilt be affected (Jonsson, 1992). However, changede
expected to the benthtommunities of plants and animals in the neameihbourhood of the outflow site
particularly in Varmagja, which, due to it's isatat from the lake, is somewhat sheltered from westéon.
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Water conductivity of at both Varmagja and Eldvilsa decreases with an increase in depth. Electrical
conductivity of water being a measure of total digsd solids (TDS) in water implies that the higher
conductivity of the upper water layer is indicativieits TDS content. This high TDS content couldateibuted

to the geothermal outflow input which also concwith the earlier supposition that the geothermadte/aater

is floating on the cold lake water. There is alsgeaeral increase in water conductivity with anméase in water
temperature. Apart from wastewater being a majarcsof ions that have increased the water condtyctf

the lake, rock composition (geology) will also dete the chemistry of the watershed soil and wtaty the
lake.

Atmospheric input of ions in this case will be tedaly minor except if the lake was near a coastale where
ocean water may increase the salt load of dry akeawsl wet deposition.

CONCLUSION AND RECOMMENDATIONS

After the start of electricity generation at thesi@ellir Power Plant increased discharge of haewhas lead
to a marked temperature rise, - from 11.7 — 27.8f@gothermally affected lakeside springs.

Efficient, wind driven mixing of spring water witlake water (Snorrason, 1982) precludes any largkesc
effects of elevated temperature and chemical cdrat@ans in affected springs. Hence, any biologieticts
are expected to be strictly localized. Despitehi$,tthe high conservational value of Thingvallavand its
surroundings calls for stringent wastewater managenThe amount, temperature and chemical composit
wastewater and potentially affected lakeside sgrstgpuld be closely monitored. The local biotapaing sites
should be assessed for effects of increased tetoperand chemical effects. To minimize local effedeep
reinjection of geothermal wastewater and furthedliog of the condensed steam was recommended.

Outflowsites

Figure 3. Spatial variations in water temperature alongsihithern shoreline of Lake
Thingvallavatn. Red diamonds = Visible geothermaflow sites, Yellow dots = Points
with no visible outflow flows
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