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Abstract

The article analyzes methods for the protection of reservoir water against the eutrophication process. It dis-

cusses methods for protection against point-source, spatial and dispersed pollution, biological methods and the

most frequently applied technical methods. It pays special attention to the application of mathematical modelling

to predict changes in water quality. A simulation of water quality changes in the Dobczyce Reservoir, expressed

by a change in the concentration of chlorophyll “a,” was made. Calculations were made for different pollutant

concentrations and different temperatures. It was found that temperature had an important impact on the course

of the process in surface segments and that pollutant load exerted an influence in subsurface segments. In sedi-

ment segments, the factors did not practically affect the course of the eutrophication process.
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Introduction

Eutrophication is the process of gradual enrichment
of reservoir water with plant food, mainly nitrogen
and phosphorus compounds (nutrients). The process
is accompanied with an excessive primary vegetation
production (growth of aquatic plants) while no second-
ary production is observed. Aquatic ecosystems with a
shortage of plant nutrients (oligotrophic systems) show
low biologic productivity and good water clarity. An
ecosystem trophicity increases along with nutrient in-
flow to the system; the ecosystem passes through a me-
sotrophic phase to a eutrophic phase, with a sufficient
supply of nutrients, and then finally it reaches the poly-
trophic phase with an abundance of nutrients. This con-
version, which has been naturally occurring in nature
for many years, picked up the pace in recent years and
currently the main cause of water contamination with
nutrients is anthropogenic eutrophication. At the very
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beginning, eutrophication was limited to lakes only,
where due to a low flow velocity excessive biomass
growth was observed. Nowadays eutrophication also
affects rivers, though not to such an extent. The most
eye-catching indicator of eutrophication are summer
algal blooms caused by a rapid and intensive growth
of some algae populations. Algae are the predominant
species in lakes and water reservoirs while blue-green
algae and diatomeae predominate in rivers.

Intensive biological growth and algae blooms generate
problems not only of aesthetic and recreational nature but
they also can upset both water intake and water treatment
plant operation. [1] Eutrophication has a considerable im-
pact on raw water quality and in consequence it influences
water treatment technology and finally the quality of the
water. Intensive growth of phytoplankton results in higher
concentrations of organic suspended solids and toxins in
water as well as in oxygen depletion. Therefore, changes
in raw water quality characteristics have some important
implications for the water treatment process and for the
costs of water production and distribution.
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Water Protection Methods
Protection against Pollution from Point Sources

An effective method for the protection of lakes against
the inflow of point-source pollution is its complete isola-
tion, purification and directing outside the reception ba-
sin. Sewage from small point sources can be purified in
natural conditions, i.e. using natural processes of pollut-
ant biodegradation [2]. In the case of large point-source
pollution, protection consists in building 3-stage sewage
treatment plants [3].

Protection against Spatial Pollution

Most often, spatial pollution is of agricultural origin
and in many cases it is the cause of lake overcharging with
biogenic compounds. That is why we strive for a decrease
in the quantity of biogenic compounds flowing to lakes
by:

— creating girdling ditches ending with a tank, which en-
ables water reuse for agricultural purposes;

— increasing the proportion of woodland in the recep-
tion basin, at the cost of decreased arable acre-
age;

— proper crop structure, increased proportion of organ-
ic fertilizers, use of slow-dissolving mineral fertil-
izers;

— adjusting the reception basin development to the dis-
tinction and natural diversity of the area,

— constructing storage reservoirs on small watercourses,
preliminary retention reservoirs, and changing the wa-
tering method.

Protection against Dispersed Pollution

Protection against this pollution consists of:

— cesspool sealing and waste removal to sewage treat-
ment plants or construction of a sewage collector,

— fitting beaches with toilets,

— defining a protection zone around the reservoir and
moving buildings to at least 100 m from the shore-
line.

Reservoir Reclamation

More and more water reservoirs are losing or have
already lost their landscape, recreational and usable val-
ues. In the case of a lake that is excessively polluted it is
not enough to isolate the point sources and reduce spatial
pollutant loads; the elimination of the negative effects is
possible only after lake reclamation has been carried out.
Lake reclamation is a drive towards the reversal of the
eutrophication processes by applying technical and bio-
logical methods [4].

Biological Methods

These methods are treated as auxiliary, adjunct meth-
ods enabling the removal of nitrogen and phosphorus
from water together with organisms occurring in water.
Nitrogen and phosphorus compounds are removed when
animals and plants are removed from pelagic water.
With high fish catch a significant proportion of phospho-
rus load can be removed from a lake, and in the case of
a heavily weed-grown small lake with a small basin, as
much as a few dozen percent of biogenic compounds can
be removed with the removal of vegetation, thus lim-
iting internal feeding. Biological reclamation can also
be realized by biomanipulation, which means interfer-
ence in the reservoir ecosystem consisting in increasing
the number of predators, which enables self-regulation
of the ecosystem and a return to the state of ecological
equilibrium.

Technical Methods
Bottom Sediment Removal

This is the most effective method for lake reclama-
tion, but it is also the most expensive, due to the costs
of equipment, the need to erect sedimentation tanks,
and lengthy processes. This method consists of the re-
moval of the most fertile, the youngest bottom sedi-
ments which contain the largest amounts of biogenic
compounds. Water quality in the reservoir improves
considerably after the deposits have been pumped out,
which is connected with reduced internal feeding. Wa-
ter obtained in this process can be returned to the lake,
but only after treatment. The application of this method
is justified and gives long-lasting effects for reservoirs
to which biogenic matter supply from the catchment
has been limited.

Inactivation of Biogenic Compounds

This method consists of direct precipitation of phos-
phorus from the lake pelagic zone by means of a co-
agulant, i.e. ferric salts, calcium hydroxide or alumini-
um sulphate, and its inactivation in bottom sediments.
Inactivation of biogenic matter contained in the bottom
sediment layer is also applied, which reduces the sup-
ply of biogenic compounds from sediments to water in
the reservoir. With this end in view, compounds which
reduce phosphorus and coagulants are delivered directly
to the sediment layer.

Biooxidation of Bottom Sediments

This method is based on oxidation of compounds re-
duced in the surface layers of bottom deposits, with si-
multaneous phosphorus fixation by iron, calcium or alu-
minium compounds.
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Lake Aeration

The purpose of this method is a quick oxygenation
of bottom water by means of aerators and air grates [5].
These devices cause a complete mixing of water leading
to the equalization of water temperature and the conse-
quent heating of bottom sediments. It is an unfavourable
phenomenon, because it results in an accelerated mineral-
ization of bottom deposits and increased primary produc-
tion in the lake, which manifests itself by water blooming.
That is why methods causing water mixing are applied in
shallow lakes not more than 10 m deep.

Evacuation of Hypolimnion Bottom Water

This procedure consists in laying a pipeline on the
bottom, connecting the deepest point in the lake with the
outflow. The pipeline serves to evacuate the most fertile,
usually deoxidized bottom water. The advantage of this
method is a long-lasting improvement in the quality of
water and low operating costs.

The Application of Mathematical Modelling

Water engineering is now aided by information tech-
nology which is used to program changes occurring in the
natural environment. Specially designed mathematical
programs serve as a tool to model changes in the natural
environment [6-8]. The programs simulate changes in the
natural environment as well as fluctuations of such pa-
rameters as water temperature, wind intensity and direc-
tion, and concentrations of dissolved oxygen, dissolved
solids and nutrients in the water reservoir. They may also
include other parameters depending on the degree of com-
plexity of the particular simulation program. Mathemati-
cal forecasts applied in simulation models include models
of pollutant mass transfer and mass and momentum ex-
change. Such models follow the physical, chemical and
biological processes that influence surface and ground
water quality. Application of the models to the research
work helps better understand the nature of processes tak-
ing place in aquatic environments, mainly in natural and
man-made water reservoirs.

Programs which model water quality play a vital role
in environmental protection, because they make it pos-
sible to project the existing condition as well as the antici-
pated changes in surface water pollution. The application
of mathematical modelling to solving problems connect-
ed with water quality allows us to analyse the occurring
phenomena and to find the interrelations between them.
It also enables forecasting of quantitative and qualitative
changes occurring in water reservoirs as time goes on un-
der the influence of increasing environmental pollution [9,
10]. There is also research carried out on the application
of neural networks for solving such problems [11]. Based
on the programs, it is possible to identify specific strate-
gies that would be helpful in the decision making process,

concerning not only water management within the reser-
voir but also throughout the overall catchment area. Such
policies could result in complex water quality protection.

The WASP Water Quality Simulation Model

One of the programs used to solve a broad range of
problems connected with water quality is the program
WASP — The Water Quality Analysis Simulation Pro-
gram, which was developed under the patronage of the
US Environmental Protection Agency [12]. It is used for
dynamic modelling of transport phenomena and changes
occurring in aqueous environment and the bottom deposit
layer. The program is intended for simulating changes in
water quality occurring in surface waters, i.e. in streams,
rivers, lakes, ponds, artificial reservoirs [13]. It reflects
time-variable advection and dispersion processes, taking
into account both point-source and territorial inflows, as
well as exchange limits. Water quality simulation covers
such problems as dissolved oxygen dynamics, eutrophi-
cation, water fertilization, chemical pollution, biological
pollution, and biological oxygen demand.

WASP comprises two subprograms which deal with
modelling of different problems connected with water
quality:

— TOXI — a model that applies to toxicity
— EUTRO — a model analyzing eutrophication and dis-
solved oxygen concentration.

The TOXI program comprises procedures allowing the
calculation of changes in chemical pollution in surface
waters, it models organic indicators, heavy metals and
pollutants contained in sediments.

The EUTRO program simulates water enrichment with
nutrients, eutrophication and a fall in dissolved oxygen con-
centration. Simulation can be done at various levels of com-
plexity. The method of solving a given problem depends on
the quantity of introduced variables. It models classic pollu-
tion indicators which include dissolved oxygen, biochemi-
cal oxygen demand, nitrogen compounds, phosphorus com-
pounds, temperature, and Coli bacteria content.

The EUTRO program broadly takes into account the
problems of phytoplankton development kinetics.

Principal Formulas Used in the WASP Program

The basic formula that is solved by the WASP pro-
gram is the mass balance equation:

8C
) (A ¥ D * )
¥ d(A4*U_=C
8¢ _ d) SUC) o 5, vs) O
ot A*dx A*dx

Accumulation  Dispersion Advection Internal External
reactions sources

where:

C — pollution indicator concentration [g/m?]

t — time[d]

A — surface area of stream cross-section [m?}
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D, — dispersion coefficient along the x-axis [m/d]

x — distance along the stream axis [m]

U — advection velocity along the x-axis [m/d]

S~ mass yield (loss) due to internal reactions, calculated
for segment volume [g/m? d]

S, — mass exchange between adjacent segments “i” and
“j” due to longitudinal dispersion, calculated for the i-
segment [g/m* d]; S, for the i -segment is defined as:

Ey (0)* 4,
:W* (Cjk _Clk)

Bi

where:

E,,,, — dispersion coefficient as a function of time at the
beginning of i-segment [m?*/d]

A, — surface area at the beginning of -i- crosss-section
]

V, - volume of i-segment [m’]

L, — length of i-segment [m]

C, — concentration of k- pollution indicator in i-segment

[g/m’]

— concentration of k-pollution indicator in i-segment

[g/m’]

S, — pollution load in an external (side) flow, calculated
for a water volume of this segment; S, for the i-seg-
ment and k-pollution indicator is:

C.

ik

1000 * L,
ik ()
Suk = Tt

i

where:
Liw — pollution load in an external flow [kg/d]

First two segments of equation (1) describe a pollution
transport mechanism in aquatic environment with disper-
sion and advection processes; two other represent internal

reactions and external pollution sources.

Dobczyce Reservoir Pollution Sources

The Dobczyce Reservoir is located in the Raba River.
It serves as a main water supply source for the City of
Krakow. Due to its geographical locations and landscape
configuration the reservoir is classified as a type specific
for hilly country. It is large (maximum capacity >100 mil-
lion m?), rather deep (average depth >10m), with a long
retention time (>100 days) and continuous water dis-
charge [14]. Pollutants contained in water flowing to the
reservoir have crucial effect on the quality of water in the
reservoir (which is the basic source of water supply for
the city of Krakéw). Municipal sewage is discharged di-
rectly to the River Raba (the main source of supply for the
reservoir) in its upper course and to the river’s tributar-
ies. Water quality is adversely affected by leachate from
unauthorized waste dumps, leaky cesspools and pollution
connected with mass recreation. The greatest effect on

water quality in the reservoir has sewage discharged from
the mechanical and biological sewage treatment plant in
Myslenice. This sewage accounts for approximately 86%
of the total mineral nitrogen load and approximately 95%
of the total mineral phosphorus load. The second larg-
est pollution source for the reservoir is rainwater runoff
from built-up areas, mainly from the Krakow—Zakopane
expressway.

Water discharge from the reservoir has to proceed with
certain reliability. Acceptable reliability of flow should be
provided by trouble-free water intake and treatment plant
operation, which in turn operate in a satisfactory manner
only if water quality in the reservoir remains at a satisfac-
tory level. Temporary water blooming, which deteriorates
water quality, disturbs the system and results in a decrease
of its reliability [15].

The Simulation Method

The usefulness of the WASP-6 program was verified
by modelling the course of the eutrophication process in
the Dobczyce Reservoir. In order to project the complex-
ity of the water ecosystem for the purpose of the calcula-
tions a spatial model of the analyzed environment should
be adopted. To this end, the mass of water is divided into
spatial segments of known geometrical dimensions, so
that they include all water layers, i.e. epilimnion, hypo-
limnion, upper layers of the bottom sediment and lower
layers of the bottom sediment.

We assessed the effects of supplied pollutants on the
concentration of chlorophyll “a,” which is an indicator of
phytoplankton content and which allows us to assess the
intensity of the photosynthesis process.

The geometrical profile of the Dobczyce Reservoir
has been presented by means of segments including three
different types:

— surface segments, epilimnion — elements 1, 2.3;
— subsurface segments, hypolimnion — elements 4, 5, 6,

8,9;

— sediment-type segments — elements 7.10;

In the model, advectional flows between the seg-

ments and dispersive mixing within water column were
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Fig. 1. Schematic division of the reservoir into segments
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assumed. The average multiannual flow of 10.6 [m?/s]
for the River Raba was assumed. The simulation of the
course of the eutrophication phenomenon was made on a
dynamic model for eight process variables, i.e. for ammo-
nium nitrogen, nitrate nitrogen, phosphates, chlorophyll
“a,” BOD, dissolved oxygen as well as organic phospho-
rus and nitrogen.

The calculations were made for a simulation period of
365 days and for a time step computed by the model.

It was assumed, in accordance with the underlying
concept of the program, that limiting concentrations de-
fined for each of the eight model variables occurred in
areas where we had to do with advectional flow or dis-
persive mixing. Those values determined the boundary
values, which were assumed in the model as variable over
time, as a result of changes occurring in the pelagic zone
during the year.

It was assumed in the simulation model in question
that the reservoir was laden with a point-source pollution
load coming from the Municipal Sewage Treatment Plant
in Myslenice, located on the left bank of the River Raba.
The variability of the inflowing biogenic pollutant loads
expressed in [kg/d] were described by means of broken
functions of pollutant inflow. These functions contain av-
erage values of the daily load in successive months of the
year.

The impact of the climatic factors which shape the
course of the reservoir’s water eutrophication phenom-
enon and which include: temperature, insolation, daylight
percentage and wind, was taken into account in the calcu-
lations, and the variability of these values has also been
presented by means of a broken variability time function.

As the input data the parameters describing water quality
in the reservoir in 2000 were used. The data were obtained
from the laboratory of MPWIK S. A. (water and sewage util-
ity) in Krakdw. The utility is responsible for water supply for
the Krakow agglomeration; water is taken from the varying
depth, equivalent to segments 6 and 9.

The values of the initial concentrations of the model
variables in individual segments were assumed as the value
of these parameters on 30" December 1999. In this way the
daily variability of the phytoplankton population expressed
as chlorophyll “a” concentration in water [pg/dm?], as well
as the daily variability of the other seven model variables,
were obtained.

Within the framework of the study a simulation of
the eutrophication phenomenon was carried out for three
computing cases.

Computing Case |

The first simulation was carried out in the following
way. After all parameters characterizing the reservoir en-
vironment had been fed into the WASP6 program, pol-
lutants flowing into the reservoir in 2000 were fed to the
program. Pollutant loads were calculated on the basis of
the results of surveys of the River Raba water quality car-

ried out in the cross-section downstream of the outlet of
sewage treatment plant in Myslenice, assuming that the
water flow in the river was 10.6 [m?/s].

Computing Case 2

The second simulation was made assuming that the
flow of biogenic compounds had increased. A 50% in-
crease in the ammonia, nitrates and phosphates loads in
relation to the loads used in the first computing example
was assumed.

Such a situation corresponds to a case where the sew-
age treatment plant in Myslenice is fed sewage containing
compounds that are toxic to the activated sludge.

Computing Case 3

The third simulation was made assuming an increase
in temperature in the spring and summer-autumn period
within 2-5°C.

Results Summary

In surface segments (1, 2, 3), the largest concentration
of chlorophyll “a” was received for computing case No.
3, that is for the case where temperature was increased
(Fig. 2).

In subsurface segments (4, 5, 6, 8, 9), the largest con-
centration of chlorophyll “a” was received for computing
case No. 2, it is for the situation where the flow of pollutant
loads to the reservoir had been increased (Fig. 3).

In segments describing the upper sediment layers (7,
10), differences in chlorophyll “a” concentrations are in-
significant (Fig. 4).

The results of the calculations lead to the conclusion
that in surface segments it is temperature and other cli-
matic factors which are crucial to changes in the concen-
tration of chlorophyll “a.” As the depth of the reservoir
increases, the influence of temperature on the course of
the eutrophication process decreases, but the role of ex-
ternal pollutant loads fed to the reservoir increases. In
sediment segments, the impact of both temperature and
pollutant loads on the course of the eutrophication process
is insignificant.

Conclusions

1. Water protection against eutrophication is an indis-
pensable process because the possible occurrence of
intensive blooming may lead to the deterioration of
water quality and cause difficulties in the treatment of
such water.

2. Application of specially developed mathematical
programs is one of the best methods used to forecast
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water quality changes, e.g. the eutrophication process.
They allow us to specify the time, place and range of
water quality fluctuations (such as eutrophication)

3. Calculations confirmed the usefulness of the WASP-

6 program for spatial and qualitative modelling of
water in the Dobczyce reservoir. Defining qualita-
tive changes occurring in this reservoir, the pro-
gram allows us to send an early warning to the water
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Fig. 2. Variation in concentration of chlorophyll a — surface segment no. 3.
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Fig. 4. Variation in concentration of chlorophyll a — top layers benthos segment no. 10.

treatment plant about potential operating problems
related to the treatment of eutrophicated water.

4. The computation level can be adjusted to the user’s
needs. The reliability of the obtained results depends
mainly upon the accurateness of the description of the
reservoir ecosystem, the environmental parameters,
the parameters of the processes occurring therein and
the pollution sources.
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