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Abstract

This paper presents an overview and synthesis of a large number of issues related to the
contemporary development of hydro-information systems that are developed in the Institute for
Development of Water Resources “Jaroslav Cerni” in order to meet the needs of management of
the hydropower potential of Serbia. Hydro-information systems are designed to provide support
to decision-making processes so they can provide significant information on different processes
within a catchment on scenarios of future development with multiple variants, as well as on the
system utilization in real-time. The most important goals of the development and application of
such systems are the following: integration of all relevant hydrologic, meteorological,
hydrogeologic, hydropower and other data, as well as the creation of the conditions for their
availability to a wide circle of interested users, making of the best possible decisions related to
operational management of hydropower plants in various situations, as well as making of the
best possible strategic decisions in order to make the optimum choice of the solution for the
integral basin management. This paper is based on such a concept so that the original
contributions related to the subject topic are presented within a broader framework. At the
beginning are presented certain general considerations related to planning and management of
water resources, as well as the general role of hydropower plants within an integral electricity
generation and transmission system. Further on, the reader is introduced to the application of
information technologies in exploitation of water resources, with a particular stress on the role
of simulation and optimization software in the management of hydropower systems. After this
overview that describes broadly, but precisely, the main notions, the paper presents the role and
importance of hydropower plants within the electricity generation and transmission system of
Serbia, including a short overview of the possible further development of electricity generation
capacities. The central part of the paper presents the concepts and structures of hydro-
information systems (which consist of the following sub-systems: central server, acquisition
servers and user sub-systems, which include the user server and specialized HIS applications).
Three main hydro-information systems in Serbia are specifically outlined and described in
detail; they are being continuously developed in all aspects in accordance with the presented
concepts and structures. These systems are: “Iron Gate” Hydro-Information System (related to
the system of hydropower plants built on the common Serbian-Romanian section of River
Danube; Serbian and Romanian hydropower plant “Iron Gate 17, with the total installed
discharge of 9800 m’/s and the total installed power of 2165 MW, and Serbian and Romanian
hydropower plant “Iron Gate 27, with the total installed discharge of 8500 m’/s and total
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installed power of 540 MW), “Drina” Hydro-Information System (which relates to the whole
river Drina basin with an area of 19570 km?, which is shared between the three neighboring
states, so that 30.5% of its area belongs to Serbia, 31.5% to Montenegro, and 37% to Bosnia-
and-Herzegovina; the system of 9 hydropower plants was built in the River Drina catchment
and these plants have the total installed power of 1932 MW and average annual electricity
generation of 6350 GWh; in this catchment it is possible to develop significant new hydropower
capacities, which would allow for additional annual electricity generation higher than
7000 GWh), and “Vlasina” Hydro-Information System (which is related to the system of
“Vlasinske HPPs” that has a relatively low power of 125.9 MW and the mean annual electricity
generation of 295 GWH, but which represents a very important electricity generation plant
within the system of EPS (Electric Power Industry of Serbia), because it is used for generation
of peak-load electricity and as the cold or spinning reserve of the system). The presented hydro-
information systems are actually the systems for the support to decision-making on all levels,
i.e., local, regional, state and trans-boundary. These systems create possibilities for the optimum
management in real time as well as harmonization of various interested parties (electric power
industries, situated in different states, with different interests that operate under the
circumstances of the evident lack of uniformity regarding natural inflows and consumption
needs). In a long run the conditions are created for the further development on the catchment
(new development projects, additional generation capacities etc.) in order to achieve the
optimum exploitation of hydropower potential, as well as the multi-purpose use of water.

Keywords: Hydropower plants, management, hydro-informatics, modeling, optimization,
acquisition, software

1. Introduction

1.1. General issues regarding planning and management on water resources

Planning of exploitation and management of water resources are basically motivated by an
aspiration to achieve the best possible economic and social effects under the circumstances of
limited resources and multi-purpose use of water, and, at the same time, to keep the negative
impacts on the environment within the set limitations. The definition of benefits that arise from
the exploitation of water resources is not unique, but this sort of quantification can only be
accomplished by the means of a complex analysis. The possible goals are minimization of
frequent floods and droughts, the optimum management of hydropower facilities, providing of
good navigation conditions, water quality improvement etc.

It is the fact that water as a resource and an ecologic system is not limited state and
regional boundaries. For this reason, the generally accepted principle is that the integral
management of water resources should be performed on the level of a catchment as an
elementary management unit. The integral management of water resources represents a process
that results in a coordinated management development of water resources, as well as all other
resources related to them, in order to maximize economic and social benefits in an objective
manner, without a reduction in the level of sustainability of vital ecological systems. It can be
stated that an integral solution actually represents a complex solution, which is harmonically
incorporated in the environment and at the same time optimized in relation to multiple criteria
with other users of the space. As acceptable can be considered only those solutions which are
ecologically correct, economically secure, technically feasible, and sociologically acceptable.
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Planning of exploitation of water resources obtains a completely new dimension if it is
treated in the above-mentioned way. It becomes an active, a priori part of the planned measures
for the preservation and protection of the environment and spatial design. Water industry
regulations and limitations become a more and more crucial factors in decision-making in
relation to locations and directions of development of certain industries, choice of technological
processes, key city-planning solutions etc. This planning is to be considered as a permanent
activity.

The choice of management activities is closely related to the accepted approach to water
management on a global level (UN conventions, mostly in the form of guidelines), on a regional
level, or on a level of international river basins (international conventions), as well as on the
level of a state in relation to river basins (legal regulations). Water resources management that
should be performed on the level of a basin within a particular state or within international river
basins has to be harmonized with the main principles and standards accepted on the
international level. The process of planning of the exploitation of water resources is treated as
the vital part of spatial architecture. In relation to the above-mentioned, it is becoming more and
more evident that the planning documentation of the highest rank related to water resources
management must precede the preparation national spatial plans; the main reason for this is the
fact that the requests of the water industry systems regarding the specific necessary space are
conditioned by spatial availability of certain locations and are of a higher priority than the
request of other users of the same space.

The first condition for successful implementation of projects is the existence of a national,
regional or local institution and legal stipulation, which would allow for the implementation of
the project related to planning and management of water resources in the best possible way. In
practically all of the cases, the legal authorities and institutions have the decisive role. There are
several reasons why the role of legal authorities and institutions is necessary. First of all, water
is a resource that does not recognize the right of ownership, i.e. it is impossible for water to
become a private property. All the issues related to water ultimately have to be discussed and
solved on the level of the only possible proprietor and that is the state. Besides, extreme
investments are needed in order to develop water resources. Most of the projects related to the
exploitation of water resources exceed the financial capacities of privately-owned companies,
and most often have a large number of users that benefit from the implementation of the project.
Only the highest authorities of the state are able to define the correct and optimum modes of
exploitation of water resources. The most common reasons for unsuccessful implementation of
a project are the lack of support from the highest authorities and the deficiency of financial
means. Taking the above-mentioned into account, it becomes understandable why the
institutional aspect of planning and management of water resources obtains more attention
every day.

Such complex circumstances, where several interested parties have conflicting requests and
where the preservation of natural processes is already set as an imperative, make the processes
of planning and managing very difficult. The only safe way of successful implementation of the
project is that the analysis should rely on the recognized scientific methods that the highest
authorities should be prepared to implement the decisions and to involve the investors in the
planning process from the very start. Of course, it is not easy to simultaneously fulfill all three
set conditions. In the first place, there is no scientific method that can result in an optimum
solution under such complex conditions. Every solution requires an additional analysis and
must undergo certain alternations before it is ready for implementation. On the other hand, a
large number of state institutions, agencies, non-governmental organizations etc. has conflicting
interests and this in practice makes the realization of the integral approach to this problem
difficult. For these reasons, planning and management of water resources is not only a technical
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field of expertise, but it is exactly the process of harmonization of all interested parties from the
beginning of the planning process.

1.2. The role of hydropower plants within the integral electricity generation system

The development of economy and society is closely related to electricity generation and
consumption. Everyday life and economical activities practically depend to a great extent on the
amount and quality of the supplied electricity. This interdependence sets high requests of
consumers of electricity directed towards its producers and distributors; these requests can
briefly defined as practically uninterrupted availability and high quality (frequency, voltage
etc.) of electricity.

An electricity generation and transmission consists of technical resources for generation,
transmission and distribution of electricity on the one hand, and consumers of electricity on the
other hand. The main issue of the working process of an electricity generation and transmission
system is to provide supply of electricity to a large number of spatially dislocated consumers
that are beyond the control of the system, by generating electricity in the available power plants,
which have to operate within their technical standards and satisfy all conditions related to
changes and change rates of the load.

Electricity generation can be achieved in different ways. The existing systems world-wide
rely mostly on non-renewable energy sources, i.e., combustion of fossil fuels (coal, oil and
natural gas) and the use of nuclear energy. The main problem of exploitation of fossil fuels,
from the ecological point of view, is the emission into the atmosphere of large amounts of
carbon-dioxide, which is generated in the process of the burning of carbon, which is the main
energy source of fossil fuels. Nuclear power plants do not emit carbon-dioxide, but nuclear fuel
is after its use extremely radioactive and must be stored for several decades (in the case of the
most radioactive fuel even for several centuries) in secured concrete pools or in underground
bunkers. Under normal circumstances, nuclear energy is a very clean source of energy, but the
potential emergency hazard progressively reduces the number of newly-built nuclear plants.
Besides the already named generation facilities, which as a rule have large capacities, within the
electricity generation and distribution systems there is also a large number of smaller distributed
electricity generators, which rely on different sorts of renewable energy sources (excluding
hydropower). These renewable energy sources (solar, wind-driven generators and the like)
currently have very limited capacities, because the energy that they generate is still relatively
expensive and at the same time, the generation process cannot be controlled. The increase of
their participation in the total electricity generation is expected in the future, because the non-
renewable energy sources are being reduced and their damaging impact has become more
evident in the last few decades.

All the above-mentioned system produce base electricity since the nature of their
generation does not allow for dynamic operation and flexibility. The additional electricity
generation, which adds to the base electricity generation up to the level required by users, is
precisely the generation of electricity from the hydropower potential (Razmond, 1997; Crampes
and Moreaux, 2001).

The notion of hydropower potential (hydropower energy) includes all the possibilities for
generation of electricity from flow of water in the nature. As its basic form is considered the
potential of on-land watercourses, which originate from the natural water circulation cycle;
therefore the energy of these watercourses actually comes from the Sun. Hydropower plants are
the plants where the potential energy of water is first transformed into kinetic energy of its flow
and then into the mechanical energy of the rotation of turbine shaft, and finally into electricity
within a generator. A hydropower plant in broader sense consists of all facilities and plants,
used for water collection (accumulation), water inlet and outlet (dams, intakes, inlet and outlet
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channels, pipelines etc.), conversion of energy (turbines, generators), transformation and
distribution of energy (switching facilities, transmission lines), and for storage of electricity and
management of the whole system.

Although there are certain negative impacts of the exploitation of hydropower potential
(dislocation of population, potential excess situations etc.), as well as the effects, which reduce
the hydropower of certain objects with time (i.e., filling of the storage with sediment),
hydropower still generally represents the most exploited renewable energy source.

The advantages of the exploitation of hydropower potential can be analyzed from several
aspects. In comparison to other energy sources, hydropower plants in the first place do not
generate gases which are produced by combustion of fossil fuels, for example carbon-dioxide,
which has influence on the greenhouse effect, along with carbon-monoxide, various sulphur
compounds and other substances that are harmful to a certain extent. In addition, there are
harmful effects that arise from excavation and transport of coal. In comparison with nuclear
power plants, hydropower plants do not produce dangerous waste and there are no risks like
those associated with uranium mines or the hazard of leakage of radioactive fuels. As compared
to electricity generation by wind-driven plants, which use wind energy in order to transform it
into electricity, hydropower plants are more manageable. In cases of hydropower plants with
large leading storages, it is possible to generate electricity with arbitrary dynamics, what cannot
be achieved by wind-driven generators. This is one of the most significant features of
hydropower potential that cannot be found in any other form of electricity generation.

The exploitation of hydropower potential is therefore based on the transformation of the
potential energy of the stored water into electricity by the driving the turbines in electricity
generating facilities. Although electricity generation by hydropower plants represents only 6%
of the total electricity generation in the world, the option of efficient management and
inexpensive “fuel” make this form of electricity generation irreplaceable when it comes to the
management of large electricity generation and transmission systems. Hence, hydropower
plants are never managed separately from the entire electricity generation and transmission
system.

However, the complexity and diversity of approaches to the organization of electricity
market, make defining of general rules and procedures related to management of hydropower
plants and planning of hydropower potential exploitation impossible. Namely, different models
of deregulation of an electricity generation and transmission system lead to different modes of
operation of the system as whole.

Depending on the organization of the electricity market, there are several possible scenarios
that determine the complete interaction of all participants on the market (Ventosa et al., 2005;
Finon et al., 2004). The monopolistic model is, as it name implies, related to the traditionally
vertically integrated publicly-owned companies. This means that one single company possesses
all the capacities for generation, transmission and distribution of electricity (such companies
have a monopolistic position and are protected by the state). The model of deregulated
generation is based on the situation when one single company does not possess all the
generation capacities, but that there are multiple independent generators of electricity, which
have the opportunity to sell their product to a company that is in charge of “gathering” of all
generated electricity (in this scenario the prices are regulated, because the central agency has a
monopoly in regard to the distributing companies, which can purchase electricity only it). In the
model of competition on the high voltage level, there is no single company that is in charge of
purchasing electricity from the generating companies, but the trade of electricity is regulated by
the market mechanisms (this model creates significant competition between electricity
generators, because their price is formed at the market itself and not defined in advance, while
the price at the low voltage level is on the level of distribution and is set beforehand because
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small consumers have no opportunity to chose their supplier). The competition model on the
low voltage level represents the final degree of deregulation of the electricity market (once such
a system is created, there is no more need for price regulation, but the implementation of such a
model requires substantial communication and organizational resources). It is necessary to
mention that in spite of all the advantages offered by deregulation of electricity market some
issues remain open. The main issue is that of the stability and reliability of such systems,
because in the open market each participant attempts to maximize his own profit, which has as a
consequence that none of them is a priori interested in properly-timed development of new
capacities.

On the other hand, the generation in hydropower plants is directly determined by rainfall,
which is transformed into catchment runoff and electricity generation is often influenced by
droughts, snowmelt periods and other similar extreme situations. In a long run, electricity
generation can be influenced by climate changes. The exploitation of hydropower potential is
determined by many restrictions, which are related to multi-purpose exploitation of water
resources. At the same time, the main input into the system is dictated by natural hydrologic
processes and is not manageable, while the weather forecast is reliable only to a certain extent.

However, in spite of all the mentioned problems and limitations, the main role of
hydropower plants lies in their capacity to provide a flexible response to the needs of an
electricity generation and transmission system, with a quality that cannot be expected from
other systems. Their main role is to provide support to thermal- and nuclear-power plants (as
the main generators of electric power), as well as to smaller, but difficult-to-manage systems,
which rely on the renewable energy sources (solar-power plants, wind-power plants, plants that
use the energy of the sea, geo-thermal springs, bio-gas etc.). In relation to this, the
discrimination should be made between so-called run-off-river plants that in fact have the
performances of base generation, and power plants with large storages, which provide
electricity in the periods of extreme consumption.

Specific features related to the nature of hydropower and the methods of its exploitation
(Labadie, 2004), as well as the role of hydropower plants within a broad electricity generation
and transmission system (pronounced dynamics and the complexity of requests), determine and
bring forward complex optimization procedures in relation to planning and management of the
exploitation of hydropower potential. Namely, under the circumstances of very complex
relations at the electricity market and taking into account the specific role of hydropower
systems and their conjunction with other systems (thermal-power plants, nuclear-power plants,
solar-power systems etc.), it can be concluded that there are no integral principles of
management of hydropower facilities, which could be applicable in all cases. An additional
problem that complicates the unification of solution to the problems of the management is the
continuous transformation of the functioning of the electricity market, which is progressively
moving away from the idea of centralized systems, which have unchangeable regulation
principles. It is therefore necessary to treat the management of hydropower facilities as a
dynamic system of rules and methods, which can separately be changed and adapted to the
needs of the electricity market.

1.3. The application of information technologies to management of hydropower potential

The management of hydropower plants represents a process which is taking place throughout
the whole period of its exploitation, in the form of strategic planning, which is performed
periodically, and operational planning, which is performed on the daily basis. Strategic planning
involves the understanding of strategic goals, which are optimum both for the integral
electricity generation and transmission system that includes the facility in question, and the
hydropower plant itself. Operational planning represents the realization of strategic plans,
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which ultimately leads to the physical management of the plant. Taking that into account, the
planning of generation of hydropower plants includes the definition of the schedule of the
commitment of the available units, as the adequate response to the demands of the electricity
generation and transmission system, with the goal of minimization of the operating costs,
optimum exploitation of the hydropower potential, and adherence to the exploitation limitations
of the system. During the operation of the system, the constructional limitations, such as the
minimum and maximum discharge through the turbines, minimum and maximum power,
shortest time of unit operation, duration of startup and shutdown etc., must be taken into
account. Beside the constructional limitations, in the case of hydropower systems and often the
multi-purpose usage of their storages, there are very complex limitations related to exploitation,
which must not be breached under any circumstances. Most commonly, these limitations are in
relation to flooding hazards, disturbance of navigation along the certain sections of the
watercourse, destructive impact on the flora and fauna etc. A special class of limitations appears
when certain hydropower potential is shared by two independent entities, for instance two
companies or two states. Beside all previously mentioned facts, it also has to be taken into
account that hydropower systems often consist of two, three, or more power plants, which
operate in a cascade, or sometimes jointly with a reversible plant. In such cases, the problem
becomes even greater because of the fact that the working operation of power plants in a
cascade is characterized by a very pronounced interdependence, what leads to an additional
range of operational imitations regarding their exploitation.

The improvement of information-communication technologies, especially in the field of
software development (object-oriented architecture (Booch 1991, 1994), distributed and parallel
programming (Fujimoto 2000; Coulouris et al., 1994; etc.), then in data processing (neural
networks, expert systems, knowledge extraction from data (Barr and Figenbaum, 1982; etc.),
treatment of random events under the circumstances of ambiguity (fuzzy logic by Duckstein
and Tecle, 1993; etc.) allow for the transformation of the rigid traditional methods of planning
and management of hydropower facilities (static, strictly hierarchical) into dynamic processes.
It is of great importance to note that nowadays it is possible to develop models, which
completely allow for the interaction of managerial and technical approaches to the management
of a system.

Therefore, the complexity and the range of the problems related to the planning of the
exploitation of hydropower plants in relation to the integral management of water resources,
bring into focus the development of the software and the necessary information-communication
infrastructure. Generally speaking, all complex problems related to planning and management
of water resources have to rely, as most of human activities nowadays, on the intense
application of information and communication technologies. Since water resources are
nowadays treated as a public property, it has been necessary to create, by the integral
management, with its numerous preconditions and limitations, the new conceptual framework
for that purpose. As a solution to that problem appeared a new discipline, called hydro-
informatics, which makes use of the latest achievements in the field of information
technologies, in order to improve the exploitation of water resources and their environment.

The deepest roots of hydro-informatics lie in computational hydraulics, which has been
developing during the last 50 years itself. In most cases, problem solving is reduced to
numerical solving of a system of partial differential equations, while respecting certain
limitations. Numerical methods for problem solving range from the method of finite differences
to the method of finite elements (with a variable space/time step, as well as with the option of
parallel execution). Beside the implementation of numerical algorithms, in the case of solving
of the problem of estimation of the parameters that appear in equations, optimization techniques
are applied, such as genetic algorithms or some of the evolutionary methods of optimization.
Spatial boundary conditions for the system of partial differential equations mostly consist of the
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model characteristics, such as terrain, land cover, land use etc. Such data is stored within the
GIS systems (Geographical Information Systems) in suitable forms, which in most cases still
have to be processed in order to obtain information that is needed for the application of
mathematical models. On the other hand, temporal boundary conditions are represented by large
time series, measured on a certain number of measurement sites. These series are often
incomplete and one has to rely on statistic tools in order to re-construct this data. The
connection between information technologies and modeling methods, such as simulation and
optimization, in relation to the problems in hydro-informatics, is evident (Velickov et al. 1998).

The main challenge in hydrology is the fact that a completely homogenous hydrologic
system does not exist. In the systems of this size often there is not even an approximate
uniformity regarding parameters, flux and state variables, which means that there is also no
unique solution. Generally speaking, in a hydrologic system under real-life conditions it is not
possible to repeat an experiment with the same initial states and external influences, because the
nature itself dictates the conditions of each particular experiment. Exactly for this reason, the
contemporary hydrology mostly depends on the measurements within the real physical systems.
But it is also necessary to know the nature of the location on which water flow occurs, so that
the observation and measurement of hydrologic processes should be treated in context of each
particular problem. Most of the phenomena which form the hydrologic cycle can be directly or
indirectly measured. Since the interaction of certain processes related to water flow is very
pronounced, it is often necessary dispose over a large number of measurements in order to
understand these phenomena, i.e., in order to come to the right conclusions and create high
quality models for forecasting, simulation and decision-making.

The development of information technologies, especially GIS, databases, monitoring and
telecommunication systems, has made a huge amount of data available to experts in the field of
hydrology and related scientific disciplines. The sudden increase in the amount of the available
data has also lead to the problem of unification and manipulation of mass data, and the activities
related to classification, data quality check and data processing have become time-consuming,
what has also reduced the importance of data availability. As hydrologic information is
regarded any information that directly describes the hydrologic cycle or that is in any way
related to it, such as precipitation, evapotranspiration, infiltration, discharges, conditions in
storages, land cover, land use, topography etc. It is common to classify hydrologic information
into one of the following categories: geographical (spatial) information, information in the form
of time series, and space-time information. Geographical information is related to data, which is
projected on the surface of the Earth and spatially distributed. Practically, geographical
information is any information that can be presented on a map. Data in the form of time-series
represents information that is distributed in time, such as variation of discharge on a certain
river profile and the like. Finally, a large amount of data is spatially distributed, but it also
possesses a significant temporal component, i.e., it is changing in time (radar recordings or field
of air pressure etc.).

Spatial, but also organizational levels of hydrologic data collecting are global, national,
regional, and local, and it can also occur that certain data are directly collected from a
measurement site (what represents the organizational level of the lowest rank). On the global
level, there are various sources of hydrologic data. Since they cover a huge area, this data is
mostly presented in lower resolutions it is less accurate than the data sets issued on the state
level or locally. The majority of states have their own institutions, organizations or programs
for monitoring and collecting of hydrologic data. The way of organization, availability and data
type vary from one case to another. In Serbia, the institution that is in charge of hydrologic data
is the Republic Hydro-Meteorological Servise (RHMZ in Serbian).
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Generally speaking, it is not possible to develop one universal system, which would be able
to solve all the optimization problems of the operational planning of the electricity generation in
hydropower plants, because of a great non-linearity of the problem and a great number of
degrees of freedom in decision-making. The greatest improvement has been achieved in the
optimum management of the generation in the systems of thermal-power plants; there are many
industrial solutions, which are used in their operation (Sheble and Fahd, 1994; Tseng, 1996;
Svoboda et al., 1997; Fentenmark, 1997; Lai and Baldick, 1999). On the other hand, there are
far less solutions published in relation to management of hydropower systems (Li et al., 1997;
Guan et al., 1999; Arce et al., 2002). Firstly, the conditions for the exploitation of hydropower
are far more complex, because the existing storages are most often used also for the purposes of
water supply, irrigation, fulfilling the requests of the industry etc. At the same time, water is a
sensitive resource, which is directly connected with flora and fauna and the environment.
Besides, the operation of hydropower plants, unlike the operation of thermal-power plants,
exhibits a pronounced dynamics during their daily exploitation and is often used as a
compensation factor within an electricity generation and transmission system (Razmond 1997),
what has previously been explained.

In order to meet all of the above-mentioned requests, it is necessary to implement an
operational simulation model of water flow through complex objects in the system and the
transformation of its energy into electricity in hydropower plants (IEEE Committee Report
(1992)), whose application can provide for the optimum exploitation of the complex
hydropower and water resources management system. The simulation model for hydropower
calculations and the management of the exploitation of the system has a task to allow for an
efficient process of making decisions related to management and the mode of exploitation, and
the development of study analyses based on hydraulic and energy-related calculations. Such a
model should in the first place allow to dispatchers to perform the analyses of the possible
variants of exploitation on the daily basis, and, on the basis of them, to make decisions
regarding the strategy of exploitation and operationally perform a large number of tasks. Firstly,
it is necessary to allow for the preparation of the daily schedule of operation of the power plants
for the current and the following days. In relation to this, it is necessary to allow for the check
of the daily load diagram, obtained in the form of the hourly operation schedule for the current
and the following days; the inspection should be performed from the point of view of
compatibility with the previously set limitations and a correction of the daily plan should also
be performed, on the basis of the check of the realization and the newly forecasted inflow,
which is used to establish the consequences to the set limitations that cannot be tolerated. It is
also necessary to allow for the choice of the optimum number of units that should operate so
that the hourly plans of each power plant and load (power) distribution between them should be
realized; the goal is that each power plant should exploit its available hydropower potential with
the maximum efficiency of all committed units.

The simulation model should also allow for hydraulic and energy-related calculations,
which are needed for different types of analyses and processing and which are not related to the
daily operational planning of the operation of power plants, but to some other needs (Yeh,
1985; Loucks, 2000; Tilmanta et al., 2002). Other requirements are, for instance, the insight into
the possible generation in power plants in the system in case of hypothetical inflows,
calculations of losses of electricity generation due to the alterations in the planned operating
regimes, analyses of energy-related effects that can be achieved in various variants of operating
regimes (from run-off-river to the maximum peak-load operation of power plants), the analysis
of the influence of alterations of diverse factors (in relation to morphology and exploitation) on
electricity generation, the analysis of the alteration of the operation regime on the water level in
storages and downstream from the plants, the analysis of the maximum possible generation
under certain circumstances (regardless of the demands or limitations of the electricity
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generation and transmission system, analysis of the management under the circumstances of
evacuation of the waves of extremely high waters, analysis of the generation in order to achieve
the maximum profits, analyses that serve as a basis for the harmonization with the other
interested parties regarding potential sharing, the impact of the operating regimes of
hydropower plants on storages and riparian areas etc.

Beside the set short-term goals, the application of a mathematical model can have broader
and longer-lasting effects. The application of the model can create conditions for the optimum
management of the water resources in a catchment, as well as for the solution of the potential
conflicts in relation to lack of compatibility between the interests in different states, local
communities, certain companies, and other parties interested in the basin. The model can also
provide to the interested parties in real-time the information on the state of the complex
hydropower and water resources management system; it can also provide support to the
decision-making process within the system management by means of establishing and
promoting of the system for coordination and cooperation between different parties. The model
should also increase the efficiency in the process of cooperative decision-making by means of
software tools (simulation, optimization, forecasting and visualization) in the form of the
practical means of support during negotiations etc.

From the above-mentioned, it is possible to conclude that there is a need for one system
that would support the decision-making process; this system should contain information-
communication components which would be closely connected to hydrologic investigations and
focused on the presentation, manipulation, and distribution of the data that describe the
fundamental hydrologic processes. Such systems, which are developed in accordance with the
standards of informatics and the existing directives and guidelines related to management of
water resources, are called Hydro-Information Systems (HIS).

The implementation and application of a HIS is actually the pre-condition for the creation
of a digital or virtual hydrologic observatory. This term denotes an all-encompassing overview
of information that describes the natural environment of a catchment area, hydrologic
measurements, simulation models of different processes and phenomena, as well as conceptual
frameworks for acquisition of new hydrologic insights. A virtual hydrologic observatory can be
realized by the implementation of a HIS within the boundaries defined by a basin.

It can also be stated that the realization of a HIS represents a synergy between information-
communication technologies and science and technologies related to management of water
resources, with the goal to meet all the requests that the contemporary society imposes on them.

2. Hydropower potential in Serbia

2.1. The role and importance of hydropower plants within the electricity generation and
transmission system of Serbia

The production part of the electricity generation and transmission system of Serbia consists of
hydropower plants and thermo-power plants. The maximum power measured on the electric
outlet of thermo-power plants is 5524 MW and 3197 MW on the outlet of hydropower plants.
The possible electricity generation from the existing thermo-power plants is circa 20.51
TWh/year, whereas the generation in hydropower plants (at the average hydrological
conditions) could produce circa 11 TWh/year. According to their features, thermo-power units
are more suitable for operation with the constant power, together with a relatively slow and
small change in load. The base, dominant features of the units in thermo-power plants are high
unit powers (300 and 600 MW), lignite as a fuel, high technical minimums (over 65%), long
periods of time foreseen for their overhaul and maintenance (60 days), slow load change and no
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possibility for overnight shutdown. Contrary to thermo-power plants, hydropower plants allow
effortless and relatively rapid change of load, but they are significantly dependent on hydrologic
conditions, i.e. the inflow.

The possible generation capacity of the existing hydropower plants, under average
hydrologic conditions, amount circa 11 TWh/year. The installed powers of the existing
hydropower plants and their approximate generation capacities, under average hydrologic
conditions, are shown in the following table.

;Zgiopower River (1&% Wit (GWh/year) (GW\Z?;zar. )

Perdap 1 Dunav 1058 5489 3550
DPerdap 2 Dunav 270 1504 1107
Bajina Basta Drina 364 1819 690
Zvornik Drina 96 435 237
Potpec Lim 51 300 103
Uvac Uvac 36 58 3
Bistrica Uvac 102 350 110
Kokin Brod Uvac 22 45 14
Meduvrsje Z. Morava 8 37 23
Ovcar Banja Z. Morava 6 32 23
Vrla 1-4 Vlasina 129 282 30
Piva Piva 360 737 59
Pirot Temstica 80 75 4
Gazivode Ibar 35 70 27
Total 2617 11233 5980

Table 1. Installed powers and mean zears production of existing hydropower plants in Serbia

The table also demonstrates the generation capacity “Piva” HPP that, according to the
contract between the Power Industry Companies of Serbia and Montenegro, operates in the
scope of the electricity generation and transmission system of Serbia and the electric power
system of Serbia guarantees the corresponding supply of electricity to the electricity generation
and transmission system of Montenegro.

It is necessary to emphasize that there are no data in this table regarding the electricity
generation in the pumped-storage hydropower plant “Bajina Basta”, because its generation is
determined by a special optimization procedure and depends on the overall conditions in the
electricity generation and transmission system of Serbia. The capacities of this plant are the
following: power in generation (turbine) regime 600 MW, power in pumping regime 580 MW,
energy equivalent of the storage 194 GWh, efficiency of the conversion cycle 73%.

The filling-in of the demand diagram with data on electricity generation and realization of
power from hydropower and thermo-power plants is performed in accordance with the basic
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concept of minimization of total costs of electricity generation. According to this concept, the
lowest part of the diagram should be filled in with the constant generation in hydropower plants,
in order to minimize or eliminate water spilling in hydropower plants. On top of this category,
the data on generation in thermal-power plants is filled in, with the power that corresponds is
equal to their technical minimum. The following category is the generation in thermo-power
plants with a variable power, i.e., the power higher than the technical minimum. In the upper
part of the diagram the variable generation in hydropower plants is filled in and on the top of
the diagram the generation and power of the reversible power plant is filled in. The commitment
of the units in thermal-power plants is performed sequentially according to specific fuel
consumptions, i.e., specific fuel costs. This concept clearly demonstrates the role of hydropower
plants (of the variable part of their generation), i.c., of the variable generation. Evidently, the
minimum of the costs within the system assigns to the hydropower plants the role of covering
the top part of the load duration diagram, i.e., of the daily load diagram, along with the
monitoring of daily load changes, including the shutdown of units in certain plants, if needed.

In reality, the occasional unavailability of certain components of the generation and
transmission parts of the system occurs, as well as the uncertainty regarding the amount of
electricity consumption and the shape of the daily load diagram on the next day. In order to
enable the system to supply electricity to its customers without disturbances, it is necessary for
the system to dispose over a certain reserve of power, as well as of energy. In accordance with
their features, hydropower plants primarily cover the operational reserves. Specifically,
hydropower plants with storage for seasonal regulation also take part in the covering of a part of
the so-called “cold” reserve. In order to fulfill these needs of the system a certain amount of
power and the corresponding storage content have to be reserved.

Taking into account their features (the available power, rate of load change, a larger
number of units with lower power, low minimum unit powers etc), hydropower plants play a
significant role in the exploitation of an electricity generation and transmission system.

During regular operational conditions hydropower plants cover the consumption of energy
and power up to the previously planned values and depending on the inflow and the actual state
of storages. The remaining installed capacities (in the first place, the power plants with storages
for daily and weekly regulation) participate in providing the spinning reserve of the system
(primarily the plants with short intakes, quick response etc.) and thus in the frequency-power
regulation.

Hydropower plants with large storages (for seasonal or long-term water regulation), which
are beyond the amount that is needed for the covering of the consumption regarding energy and
power provide in the first place a part of the cold reserve of the system, and the rest of their
capacity, if it has not already been engaged for the needs of the overhaul reserve (what should
be avoided), is considered to be the spinning reserve. Here it should be mentioned that the cold
reserve within a system is basically provided for by thermo-power plants; but it is possible to
overcome a longer shutdown of units in a thermal-power plant by reserving a certain quantity of
power of hydropower plants and the accumulated quantities of water (i.e. it energy equivalent).
Thermal-power plants provide energy for the cold reserve, but only during the periods when the
energy is at their disposal and not when he corresponding demand exists; hydropower plants
provide the space needed for the storage of this energy and capacity for its use. This approach
allows for the single storage and the reserved capacity to ensure the multiple use of energy for
the needs of the cold reserve of the system.

Extraordinary operation conditions lead to the understanding of the operating advantages of
hydropower plants. The issue of their duration and frequency of their occurrence in relation to
the exploitation of the system becomes less important compared to possible consequences of
these situations, one of which is the system breakdown. On the other hand, the operation under
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special conditions (isolated operation, state of war, etc.) that were until recently have been
considered hypothetical, have occurred in Serbia during the last ten years, with all their
consequences, what makes it equally relevant for technical discussion as any other form of
operation. In the first place it is necessary to state that, in order to overcome the most severe of
all emergency conditions (the complete breakdown of the electricity generation and
transmission system), there is an obligation posed to all hydropower with storages to leave aside
an unconditional reserve of 10% of the energy equivalent (of the storage), regardless of the
conditions of the supply of electricity to the customers. The engagement of the remaining 10%
of the storages occurs only if the stability of the system cannot be achieved by other regulatory
elements, i.e. if the system breakdown has occurred and in order to restore the operation of the
electricity generation and transmission system. The restoration process (synchronization, load)
commences precisely by the engagement of the mentioned storage reserves. After the
engagement of storage hydropower plants the remaining hydro- and thermal-power plants are
engaged, with taking into account of their technical characteristics, which especially applies to
thermo-power plants that have (practically) underwent the rejection of the full load and whose
re-activation requires a certain period of time. During this period, the main load of electricity
supply to customers and the restoration of the system has to be delivered by the hydropower
plants, especially by those with storages and the ones located immediately downstream from
them.

In case of other emergency conditions, caused by either the unavailability of generation
sources or by changes (increase) in consumption, the promptness of their response to such
changes is the basis of their participation in the alleviation. The main condition for such
operation is the existence of the operational power reserve. Under this condition, hydropower
plants are also engaged in the secondary regulation of frequency and power.

“Perdap (Iron Gate) 1” HPP has a relatively small storage with a dynamic use, but with its
operating regime with two peaks, and the “Perdap 2” HPP as its compensation basin, it
manages to place the most of its electricity generation into the variable part of the load diagram.
It is a power plant with the powerhouse at the base of the dam, with short inlet conduts and the
block connection (inlet-turbine-generator-outlet) that make possible its rapid load change. The
power of each unit is 175 MW.

“Perdap 2” HPP is actually a compensation basin of the “Perdap 1” HPP and it places the
most of its electricity generation into the constant part of the load diagram. For this reason it has
no opportunity to take part in the regulation of the power of the system. The storage of the
“Derdap 2” HPP is also limited by the navigation conditions (Qu;,=2000 m’/s) and the allowed
oscillations of the water level equal to 60 cm at the confluence of the River Timok. The power
of each unit is 27 MW.

“Zvornik” HPP, “Bajina Basta” HPP and “Potpe¢” HPP represent hydropower plants that
can perform water regulation on a daily basis, i.e. on a weekly basis (“Bajina Basta HPP). The
smallest water regulation capacity among these plants has the “Zvornik” HPP, because of the
amount of sediment in its storage. The construction of hydropower facilities along the section
between the “Zvornik” HPP and the “Bajina Basta” HPP would solve the issue of the variable
operation of the “Zvornik” HPP (cascaded power plants). This cascade of power plants could
take part in the regulation of system power and provision of the spinning reserve, and make use
of the seasonally regulated waters from the upstream accumulations (“Piva”, “Uvac”,
“Kokin Brod”).

HPPs on the River Lim (“Uvac” HPP, “Kokin Brod” HPP, “Bistrica” HPP) dispose over
large storages and can be treated as a very flexible and usable resource. They can be used to
fulfill almost all needs of the system, from the regular covering of energy and power
consumption, via all forms of the reserve in the system, to power regulation within the system
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and the seasonal water regulation. Although the long water inlet conduit on the “Bistrica” HPP
prevents rapid load changes, the existing capacities are sufficiently operational.

“Piva” HPP that according to the contract between Electric Power Industries of Serbia and
Montenegro, operates for the needs of the electricity generation and transmission system of
Serbia, has the storage with the volume of 790 millions of m’ and the capacity for the seasonal
water regulation, which, along with its short inlet conduits and power facilities built
downstream from it (“Visegrad” HPP, “Bajina Basta” HPP and “Zvornik” HPP), allows it to
make use of its performances to full extent and in all forms (consumption, reserves, regulation
etc.) and also the increase of generation capacity of the downstream objects.

“Vlasina” HPPs are, with their degree of installation relative to the mean flow (Q=18 m’/s)
and the volume of 107 millions of m’, also the facilities with the wide field of application
within the system. With the realized water pumping (PSP “Lisina”), these facilities can fulfill
any task within the electricity generation and transmission system, including the cold reserve.

“Pirot” HPP is, with its active volume of 130 millions of m® and the installed flow of

42 m’/s, also very suitable for the performing of any task within the electricity generation and
transmission system. Its somewhat longer inlet tunnel decreases its load change rate, but this
does not affect this function of the power plant (frequency-power regulation).

“Ovc¢ar Banja” HPP and “Meduvr$je” HPP, which are some of the oldest facilities in
Serbia, are according to their features practically the actually distribution facilities. The value of
the installed flow (40 m’/s) in relation to the available inflow (34 m’/s) as well as the amount of
sediment in the storage practically place the generation of these facilities in the constant part of
the load diagram.

The electricity generation and transmission system of Serbia includes also the reversible
hydropower plant “Bajina Basta”. This facility is during its generating operating regime
practically a hydropower plant with all its advantages (high power, possibility of a rapid startup
in the system etc.). In the pumping operating regime this facility possesses very rigid features.
Efficiency of the pumping/generation cycle is 0.73, what defines this facility as a whole as a
consumer. The inflow into the head storage is insignificant as compared to the pumped volumes
of water. It can be stated that, compared to a classic hydropower plant, the reversible power
plant does not make use of renewable resources (apart from accepting the waters that would
otherwise be spilled). This means that there are no advantages of the so-called “free fuel”, but
the plant is less dependent on hydrologic circumstances and much more on the state of the sub-
system consisting of thermo-power plants. The size of the active volume of the storage
(150 millions of m*; 190 GWh) makes this facility very suitable and usable for the providing of
the part of the cold reserve of the system.

The reversible power plant “Bajina Basta” places its energy into the highest part of the
system load diagram. Because of the efficiency of the pumping/generation cycle that is less than
1 (0.73), there is a tendency that this facility should operate as briefly as possible, but with its
maximum power. The quantity and distribution of the pumped waters are defined by the state of
the thermo-power plants, the problem of usage of the spillways and the placing of the technical
minima of their units. The amount of the daily pumping defines the differences between the fuel
costs and the reduction costs, with and without pumping, which defines at the same time the
daily component of generation. Principally, the pumping is performed as long as the costs of the
system (fuel + reductions) with pumping are lower than the costs of the system without

pumping.
Since this facility has the storage volume of 150 millions of m’, it also comprises the

seasonal component of pumping and generation. Within the seasonal component of the
generation, the needed pumping is not submitted to the predefined criteria, but to the technical
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circumstances of the system. The stored amount of energy (190 GWh) allows this facility to be
engaged when it is necessary to replace an unit in the thermal-power plant with the power on
the order of 300 MW during the period of circa one month, or when a quick start is needed for
the replacement of big units (with the power of 600 MW) during the period of two weeks.

2.2. A view on the possible further directions of the development of the capacities for electricity
generation in Serbia

The projected amount and structure of the consumption of electricity in the electricity
generation and transmission system of Serbia could be satisfied by the use of the existing
generation capacities, as well as by the construction of new capacities within the thermo-power
plants and by the activation of the part of the remaining available hydropower potential.

Besides the existing thermal-power plants and in order to satisfy the forecasted electricity
consumption in the forthcoming period, the construction of the new thermal-power blocks is
planned that would predominantly rely on the domestic lignite (“Kolubara B” TPP and
“TENT 3” TPP).

Beside the existing hydropower plants, the construction of the new hydropower plants is
planned. The actual rate of the activation of the remaining hydropower potential is going to
depend on the dynamics of the increase in consumption, availability of thermal-power
potentials and the economic feasibility of particular hydropower facilities, with the obligatory
participation of all users of the hydropower potential and the space it covers.

Based on the available data it is possible to understand that the unexploited hydropower
potential in Serbia, which can be exploited by future facilities with the power higher than
10 MW, is around 7300 GWh (Drina 3000 GWh, Lim 400 GWh, Ibar 500 GWh, Zapadna
Morava 375 GWh, Velika Morava 800 GWh, Beli Drim 550 GWh, Dunav 1000 GWh). The
hydropower potential values of the other watercourses are much lesser and they amount, all
together, to some 600 GWh. The unexploited hydropower potential (7300 GWh) consists of the
common potential with the neighboring countries (in the first place with Republic Srpska i.e.
Bosnia and Herzegovina) of some 4400 GWh, while some 2900 GWh are exclusively the
hydropower potential of Serbia.

The most important objects for exploitation of the hydropower potential of watercourses
are storages and without their construction it would not be possible to adequately utilize the
potential to a significant amount. The construction of storages that can regulate the annual
irregularities of discharges is a common interest of water resources management industry and
the electricity generation and transmission system power within an integral water resources
management system. The request for the maximally rational exploitation of watercourses, dam
profiles and storages is an imperative for the exploitation of watercourses, as well as for other
high-priority users of water and water resources management industry as a whole.

Out of the total storage volume (of some 1250 millions of m®) that can possible be achieved
by the means of construction of hydropower storages, some 722 millions of m’, or 60%, have
been used so far. For the further development of storages there are left at disposal some
500 millions of m®, with the energy equivalent of some 600 GWh, what could be achieved by
construction of twelve storages. The fact that the total energy equivalent of the existing storages
is concentrated in four storages indicates the deficiency of storage capacity and significant
problems present in construction of such facilities.

The needs for the regulation power from the hydropower plants increase significantly with
the increase in the participation of thermal-power plants in covering the load diagram. As the
main fuel of the domestic thermal-power units is lignite, the load change rate is low and the
consequence of that is that hydropower plants have the greatest responsibility in keeping the
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frequency and regulating the power. Taking into account the character of hydrologic
phenomena (small catchment area, variable inflow), the economic analysis of the size of the
future facilities is going to lead towards the higher ratios of the installed and the natural
discharge. On the other hand, this will allow for the more significant participation in the power
regulation in the system. Short inlet conduits and the greater number of them should allow for
the significant power change rate, what influences in a good manner the regulation
characteristics of the system.

Small capacities for energy storage, continually growing needs for the seasonal regulation
of discharge and the covering of longer periods of emergency shutdowns of the units in thermo-
power plants, dictate the growing need for construction larger storages and power plants. The
increase in the economical parameters of hydropower plants, which leads to their more rapid
exploitation, is going to be influenced by increasing environmental demands, what shall lead to
an increase in the investment values of the alternative energy resources and indirectly lead to
the greater exploitation of hydropower potentials.

For these reasons, it is necessary to identify profitable and feasible hydropower projects on
the territory of Serbia; in relation to this, it is also necessary to determine the required
conditions for the achievement of the feasibility of the analyzed investment projects, depending
on their territorial distribution (the projects on the territory of Serbia, the projects on the
boundary watercourses and even the possible projects on the territories of other states —
Montenegro and Bosnia and Herzegovina). In relation to that, it is necessary to define the
principles for the sharing of the potential between the states on catchment areas, to identify and
quantify the influences of investment projects, relating to the generation in the existing
capacities, as well as to the influence on sharing of the potential between the states; it is also
necessary to quantify the effects of the joint operation of the existing power plants (including
the effects of their rehabilitation).

3. Concept of the hydro-information system

Generally speaking, a Hydro-Information System (HIS) is a technical system intended for the
support to water resources management on a catchment; it consists of a greater number of
mutually connected hardware and software components, measurement objects and instruments
and users of the system. More specifically, a Hydro-Information System is an organized set of
data and software components that relies on a certain equipment and hardware and which is
used by for that purpose specially trained technical staff.

The development and use of a hydro-information system allow for significant insight into
the behavior of a hydro-system within a catchment area during its exploitation so far, on the
scenarios with several variants of development possibilities in the future and on the exploitation
in real-time, which all together creates an appropriate platform for decision-making.

The most important goals of the development and application of such a system are:

e Aggregation of all relevant hydrologic, meteorological, hydrogeological, hydropower
and other relevant data, as well as the creation of conditions that could allow their
availability to a broad range of interested users,

e Making of the best operational management decisions in hydropower plants (and on
other manageable objects) in different situations (everyday-regular operation, periods
of high waters, period of low waters, emergencies etc.),
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Making of the best decisions related to the choice of the optimum solutions for water
exploitation (hydropower and other forms of exploitation), protection against high
waters and protection of waters, i.e., the integral basin regulation in accordance with
the goals of all the users of the basin area,

Support to the process of coordination of interests in relation to the management of the
catchment area by means of establishing and promoting of the system for coordination
and cooperation.

Further education of qualified staff by means of the distribution of the development
results and application of the decision-making support systems through scientific and
professional publications and

The process of informing the users, increasing the understanding and participation of
the general public in the process of water resources management and protection.

Such a system for decision-making support is of great assistance to those who actually
make decisions on all levels (local, regional, state and interstate). By means of HIS, on a short-
term level, the optimum management of the existing capacities is allowed for (in spite of the
fact the electric power industries are located in different countries and have different interests
and under the conditions of the very pronounced lack of regularity regarding the natural inflows
and consumption). On a long-term scale, conditions are being created for the further
development of the system (new development projects, additional generation capacities etc.) in
order to allow for multipurpose exploitation of a basin (for the electricity generation, which can
be achieved by the exploitation of this attractive hydropower potential, as well as for other

purposes)

The main functional features of such a HIS should be the following ones:

A HIS should be composed of information-communication components related to
hydrologic researches and focused on collecting, processing and archiving of the
relevant information on a catchment that describe the fundamental hydrologic
processes, which have to be systematized and available to users, through different
forms of browsing, presentation and use of the model,

A HIS should allow for the modeling of all relevant processes related to the flow of
water in the basin (i.e., related to the inevitable natural processes such as the
transformation of rainfall into runoff, water flow in watercourses, evaporation from
storages etc., or the manageable processes, such as electric power production, water
capturing and releasing etc.) in models that are physically-based,

A HIS, in interaction with meteorological information systems that contain
meteorological forecasts, should allow for the forecasting of the runoff from the
catchment areas, i.e., of the inflow into the storages in the system and on such a basis
create operational plans for management of hydropower plants, all in accordance with
various requests of the dispatcher,

All the components of a HIS should be in accordance with informatics standards. This
actually means that a HIS should be developed on the principles of an open ICT
architecture. A HIS architecture should be extensible and not limited by the physical
amount of data or the number of the users of the system itself. A HIS should be
capable of accessing and acquiring of all data, converting them into a standard format
and offering them to users by means of web-services and standardized functions,
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e A HIS should contain methods and a platform for as simple as possible browsing and
processing of relevant data, taking into account in every situation their geo-
referencing, in order to collect in one place all the data on discharges, water levels,
electricity generation, precipitation, temperatures, snow pack height etc.; this data can
be physically placed within diverse information systems and sometimes the data
related to the same quantity has different resolutions or was measured by a different
measurement method or is located in diverse ISs, therefore a HIS should be able to
combine, unite and fill-in the data,

e The functioning of a HIS should be based on solutions that are basically scalable,
secure, simple to monitor, interoperable and independent from an operative system.
Such an approach frees the user free from having to understand all the intricacies
related to data collecting, processing and distributing and at the same time separates
data manipulation logic from user applications,

e A HIS should be developed on the principles of the open service-oriented architecture
(SOA), which is based on the sets of loosely connected services that can communicate
with each other and that can be called in a standard way by multiple clients within
distributed systems.

Human resources, i.e., technical staff that makes use of a hydro-information system, are
extremely important for its proper functioning and that is the reason why they have to be
properly educated in the field of informatics and technology.

4. Structure of a hydro-information system

In order to realize the previously defined functional features, a hydro-information system has to
consist of the following subsystems: the central server, the acquisition servers and the user sub-
system, as shown in Figure 1.

The central server has a role in data coordination, distribution, synchronization and storage,
as well as in the management of data access and HIS services.

The role of the acquisition servers within a hydro-information system is to collect and
process data on measurements.

The user sub-system is composed of the user server and the specialized HIS applications.
The user hydro-information server represents a functional unit, composed of a database,
services, tools and applications that allow archiving, publishing and analyzing of the data
related to a hydro-system. The specialized HIS programs are tools that implement technologies
intended for decision-making support in relation to water regimes, the mode of basin
exploitation and the hydropower potential.

4.1. Central HIS server

The central hydro-information server represents a sub-system that has a role to implement the
essential HIS functionality, because it is its basic element taking into account its position in the
core of the information-communication infrastructure of the system and the fact that all other
elements of the system communicate with it to a certain extent. The central server has several
functional segments: data layer, online-services and off-line tools, which are necessary for the
functioning of the system.
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Fig. 1. The general structure of hydro-information system
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The data layer of the central server represents a complex functional segment that has a role
to manage data archiving into the central database. It also has the role to coordinate users’
requests regarding the acquiring of available data. The data layer of the central server unifies
central database, metadata database, catalog of services, data transfer service, replication
service and automated data publishing service. This layer is presented in more detail in the
paper Milivojevic et al. (2009d).

The purpose of the central database is the archiving of all the relevant data on the system,
which has been designed to collect the data in the best possible manner and offer them to a user;
the data is recorded on different locations and systems, but the data exchange between users is
standardized, which allows for an integral and unique approach to analysis, decision-making
and research in the catchment area. The database contains a variety of information, such as
system configuration data, performances of all objects (the existing and the possible future
ones), relief data, hydrographic network, land cover, soil, data on hydro-meteorological stations
and measurement sites, hydrologic and meteorological data. The database has a relational data
model that allows the replication of a real system into the information one that can be used for
the description of the processes and the state of a system in the most efficient manner. Within
the central database the data has to be archived in accordance with the GIS model; this means
that all the data on relief, soil, land cover and water facilities, as well as all the other data of
importance for hydrologic and exploitation phenomena and processes, has to be geographically
referenced. The structure of the data model is closest to the ArcHydro model (Maidment, 2002),
which is one of the generally accepted models. Taking into account that complex models like
the hydrologic model presented in the paper Simi¢ et al. (2009) completely rely on the mass
spatial data, which are obtained on the basis of the GIS data, like it is described in the paper
Prodanovi¢ et al. (2009), it is necessary to include these data, too, into the structure of the
central server database. The applied standard ArcHydro data model of the organization of the
database allows the application of the standard GIS packages, such as ArcView or Autodesk
Map.

The metadata database represents the storage of all information on the available data, its
attributes (name, type, discretization etc.), method of archiving and access (database server,
connection parameters etc.). This database allows for the distributed organization and
extensibility of a HIS, taking into account the fact that by its updating it becomes possible to
dynamically follow each change in the data structure and the functioning of a HIS. Metadata
are of special importance in the process of the validation of measured data, which is performed
on-line on an acquisition server and also, periodically, by the means of special tools on the
central server of a HIS. Metadata that is necessary for the performance of validation is
discussed in the paper Branisavljevi¢ et al. (2009) in the scope of the proposed validation
algorithms.

The catalogue of services is related to data, on the central server and on the local servers,
within the external information systems and automated measurement systems. The access is
possible only within the domain of a HIS; information is intended for the services that are used
for acquiring of the data by users, as well as for the synchronization of the contents of the
central database and databases on the local hydro-information servers. The services catalogue is
also used for the synchronization of the content of the central server and the local hydro-
information servers in relation to active and available services.

The data transfer service has a task to acquire and store in the central database all the
relevant data obtained through acquisition servers in a reliable way. The data transfer service
represents a set of web-services that have some kind of the connection with the central database.
These web-services perform authentication and authorization of incoming requests and, based
on the access rights and the formats of the incoming data, they accept them and store them in
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the central database. In order for data to be archived, its definition has to exist in the metadata
database on the central server.

Replication represents a set of technologies used for copying and distribution of data and
objects from one database into another, along with their synchronization for the purpose of
consistency preservation. The details on the replication mechanisms are presented in the paper
on the software solution of a HIS, i.e., Milivojevic et al. (2009).

The automated data publication service represents the necessary component for the creation
of local and public portals, FTP servers etc., and in order to create the automated data
publishing in a defined format to satisfy the users’ needs. The automated data publication
service consists in the first place of a set of web-services for data access. This is the basis for
the further development of the portal templates, conversion and data distribution in predefined
formats via FTP servers etc.

On-line services represent software components that are automatically executed on the
central server in order to define the necessary information for the operational use of a HIS. On-
line services include following: the service for filling-in of time series and the service for
computation of the up-to-date state of the basin and forecasting of the catchment runoff.

The service for filling-in of time series, by the means of certain methods, and depending on
the data type, discretization and the nature of a phenomenon, automatically fills in or improves
the “gaps” in the data. This process depends on the available measured data and the time span
of the arbitrary time series. The identification of the existing “gaps”, as well as all the necessary
information on them, before and after the processing by the service for filling-in of time series
is located in the metadata database.

The service for computation of the up-to-date basin state is related to the part of the HIS
services that are in charge of the creation of the conditions for operational use of the HIS model
presented in the paper Simic¢ et al. (2009). Input data for the service or computation of the up-
to-date computational state of the system is the so-called “real-time data” from the
measurement sites within the catchment. Using the optimization (and simulation) module, as
well as the already mentioned input data, this service automatically calibrates the key
parameters on the catchment and in that way updates the basin water state in the model. The
computational state obtained in this manner is stored in the database; later on it will be used as
the initial data for the future calculations of catchment runoff. Input data for forecasting of
catchment runoff is the data on the current basin state updated by the model, and meteorological
forecasts from the other information systems. By using the simulation module on the basis of
the above-mentioned input data, this service automatically creates the forecast of basin runoff
and inflow into storages. In this manner it is possible to use the model in “real-time”, without
the need for calculations over a certain longer period of time, what is extremely important in
cases when the calculation is used as a support to management of hydropower objects, where
the speed of execution of the simulation application is of great importance.

Off-line tools are intended for the administrators of the central HIS server, who manage the
data structure and access, as well as the up-to-date contents of a database. This group of
applications consists of the tool for updating GIS data, the tool for updating object
performances data, the user management tool, calibration tool and the tool for periodical filling-
in of time series.

The tool for updating of GIS data contains the necessary functions for access, visualization
and modification, i.e., the updating of all the GIS data stored in the central database of a HIS. It
is necessary for the tool to contain an intuitive user interface, but also the ability to import and
export the GIS data from and into standard formats.
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The tool for updating object performances data contains the necessary functions for access,
visualization and modification, i.c., the updating of all the data on the performances of the
objects stored in the central database of a HIS. It is necessary for the tool to contain an intuitive
user interface, but also the ability to import from and export into standard formats the data from
the sources such as Excel, Access and the like.

The component of the hydro-information system intended for the activities related to user
accounts and access rights is the user management tool. By the means of this tool, system
administrators can create, modify and delete user accounts and user groups. It is also possible to
create the sets of system access rules for particular user groups, as well as to check the resulting
rules for single users and system components.

The calibration tool is based on the special-purpose use of the module for optimization (and
simulation), in order to determine the values of the parameters of the model of transformation of
rainfall into basin runoff, as well as of the model of water flow through natural watercourses
and system objects.

The calibration of these parameters represents a markedly non-linear mathematical problem
that requires a systematic approach. The process of the calibration of the models parameters
should be periodically performed, within the defined periods of time (e.g. once a year). This is
the reason why it is necessary for each hydro-information system to include the tool for
calibration of model parameters.

The system for periodical validation and data filling-in assumes the constant interaction of
the system with an expert, who makes decisions based on the graphic representation of time
series and supplementary tools for detection of anomalies. Although some data validation steps
have been performed during the acquisition, they are left as functions in the off-line system too,
because of the possibility that certain useful information could be obtained later on. On the
basis of the graphic representation and the use of a specific tool, it is possible to perform the
advanced data validation. A very important factor in this data validation phase is the actual
engineering experience, because the process is not unambiguous, i.e. it is dependent on the
applied method, as well as on the available measured data.

4.2. Acquisition servers of a HIS

An acquisition server generally consists of a data acquisition layer, data processing logic and
validation and data transfer service. The server acquires the data that can be received from the
automated measurement systems, from other information systems, or that are entered by the
means of special services for manual data entry. The acquired data is transferred to the
automated process of processing and validation, which implements the algorithms presented in
the Branisavljevi¢ et al. (2009) in order to secure the reliability of the data. The processed and
controlled data is transferred by the acquisition server to the central server. The acquisition
server can also acquire a limited set of data from the central server in order to synchronize the
logics of validation and data processing.

In order to make it possible for an acquisition server to acquire the data from different
sources, a separate data acquisition layer has been formed, which acquires the data from
automated measurement systems, other databases and through the manual data entry by an
operator. By the means of configuration files and metadata it is possible to add new sources to
the system.

The service for manual data entry contains a web interface to a user, as well as the logic of
the basic data validation. The data entry rights are regulated by user accounts on the system. An
operator enters data via a programmable form, which can be adapted in the case of new
measurements. During data transfer it is necessary to fulfill the principal criteria of data control



Journal of the Serbian Society for Computational Mechanics / Vol. 3 / No. 1, 2009 23

(is the data in the needed format, is it within the real ranges and the like). The data is further
transferred to more detailed processing and validation.

A significant number of measurements on hydropower objects is automated and included
into a corresponding information system. Such information systems contain databases and
components that allow the database data access. Taking into account the fact that this is mass
data, it is desirable to acquire it directly from such an information system. On the basis of
metadata acquired from a data source, different components for data acquisition are created.
Data from other information systems, depending on the information on their reliability, can or
cannot pass processing and validation.

It occurs sometimes that automated measurements, which are a part of the SCADA system,
are not included into an information system that would allow an external user to obtain them.
Taking into account the fact that this is mass data, it is desirable that it can be acquired.
However, because of the specific requirements related to the reliability of the SCADA systems,
it is not recommendable to access the data directly. It is necessary in such cases to create special
services for communication with measurement systems. These services perform local data
collecting; they also send the data for further processing and validation.

All the collected data, prior to being transferred to the central server, undergo the processes
of processing and validation. Depending on data reliability, it is possible to skip certain steps in
this process. Some of the basic checks are the elimination of multiple measurements,
verification of data type etc. Relating to the data on exploitation features of the objects, it is
possible to perform the validation of the acquired data regarding the ranges of possible values,
fulfillment of certain interdependencies, current state of an object (e.g., overhaul and the like)
etc.

4.3. User sub-systems of a HIS

It is possible to implement a large number of server/client functional components within a HIS,
which are called the user sub-systems. A user sub-system, in a most general sense, consists of a
application server and a certain number of specialized HIS programs, which access the user
server as clients. A user server is designed to manage local data, as well as to find and acquire
available data from the central server.

The structure of application server is very similar to the structure of the central HIS server.
The data layer of a application server represents a complex functional structure, which has a
role to manage data transfer into a local database. A local administrator coordinates users’
requests related to the acquisition of available data. The data layer of a user server includes
local database, metadata database, data receive service, service for automated data publishing
and data providing service. The database on a local server is designed on the basis of the central
database, but it is also to a great extent specialized and adapted to the needs of individual users.
The data in this database is obtained by copying and distribution of a set of data or objects from
the database on the central server, along with the process of synchronization in order to preserve
the data consistency. The metadata database is obtained by copying and distributing of data
from the central server database, along with the process of synchronization in order to preserve
the consistency. The data receive service allows the reception of the data from the central server
and its further distribution to local servers, via local networks, occasional connections, wireless
connections and the Internet.

The data providing service represents the most important service from the point of view of
an end user. The service is designed for access to the data in the external applications in
connection to the diverse tasks in relation to management, decision-making, informing etc. It is
equipped with mechanisms for data manipulation, without the need for prior acquainting with
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the complex relational structure of the database. This service also allows the use and
manipulation of metadata for the purposes of their use in external applications.

Just like in the case of the central server, a service for the support to the creation of local
portals has also been designed, for the purpose of automated data publishing that should meet
the needs of users. The automated data publishing service itself essentially consists of a set of
web-services for data access. This is the basis for the further development of portal templates.
This allows the creation of efficient and secure information systems, which can meet the needs
of each user.

Off-line tools are intended for administrators of user HIS servers that manage the access to
the data in a local database by the tools for user management.

4.4. Specialized HIS applications — simulation and optimization programs

Specialized HIS applications represent software packages that use the data stored in the HIS
database and also certain services of the system. The applications are executed on workstations
of end users, but through the interaction with the database that is located on the server. The
most complex HIS applications are the multi-purpose simulation and optimization programs.

Taking into account the fact that the contemporary approach to management of water
resources imposes an integral approach to problem solving (The Water Framework Directive,
2000), into the focus comes the problem of creation of complex models of catchment areas.
The main challenge in the process of creation of complex models of catchment areas is the
establishing of an interaction between different models that treat only the individual phenomena
within a catchment area. The realistic approach to modeling for the purposes of the integrated
management of catchment areas is the connection of different models to each other and their
joint execution, with total interaction, during a simulation. This mode of interaction, which
assumes the exchange of information and a large amount of data in real-time, can be achieved
in several ways. The simulation program (also often called the simulation model) represents the
core of a HIS from the point of view of a user. Generally speaking, the task of the mathematical
simulation of a system and the processes taking place in it is to supply a user with the relevant
information, which is needed for decision-making by an expert; the simulation should
individually evaluate a wide range of possible decisions related to the further development of a
system and/or the decisions related to the management of a system under different
circumstances concerning the climate, hydrologic, technical, economic, legal and political
conditions and limitations, in order to realize all the possible consequences of an eventual
decision applied on a real system.

The HIS architecture facilitates the development of diverse simulation models, which are
adapted to the needs of the experts in relation to solving of real problems in the system. This is
the reason why a simulation model can only be generally discussed in this paper, while the
particular models, which solve the problems of different dimensions and complexity, are being
developed in practice. These simulation models are in the range from the models of cascade
systems ones, i.e., the “Vlasinske HPPs” (Stojanovi¢ et al., 2009a), which are described by a
time-discrete model, via a simulation model of the “Drina” HIS (Milivojevi¢ et al., 2009a),
which has been developed on the specification of a model with discrete events, what makes it
possible to overcome the limitations of a continuous and time-discreet model specification,
ending up with a complex numerical finite differences model, which has been developed to
meet the needs of the “Perdap” HIS (Grujovié et al., 2009).

For simulation models which are related to problems of the analysis of scenarios with
several variants of management, or the degree of system construction, a HIS provides the tools
for the generation of characteristic hydrologic series (a hydrologic series with the certain
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probability of occurrence of the certain phenomenon or a random hydrologic series), along with
preservation of the natural features of the basin. Besides, a large number of input data and
simulation results, in the form of time series, often complicate the working process of an end
user; for this reason, it is necessary to process such data in the form of a statistic survey created
on purpose. Through the application for statistic processing of time series, users can access the
data, acquire it, process, analyze, and, if necessary, also export it into files for further use.

The compatibility of contemporary simulation platforms with an object-oriented paradigm
has also directed HIS simulation models towards an object-oriented development. Of special
importance is also the fact that this paradigm is, during the development of real simulation
solutions in object-oriented languages, used both in modeling and programming, which makes
both of the processes more efficient. On the other hand, the development of optimization
modules that represent an inevitable component of a HIS as a platform for decision-making, has
also been facilitated.

Optimization problems appear by the use of a HIS and simulation models on different
levels and in different spatial/temporal discretizations. First, there are complex design problems
related to the analysis of scenarios with several variants of development and modification of a
system, object and environment, as well as the problems related to long-term planning and
exploitation rules. On the other hand, there also are completely different problems related to the
operational management of an existing system. It is clear that the operational planning of
exploitation of a hydropower system essentially represents the solution to optimization
problems. More specifically, this is the question of the generation of hourly plans of operation
of individual units and spillway fields, in order to achieve the set goals, while at the same time
adhering to physical, constructional and exploitation limitations related to diverse demands (an
hourly plan of operation for each plant or the maximum exploitation of the hydropower
potential according to the predefined hourly priorities). The HIS architecture allows for the
implementation of a large number of simulation models and optimization modules, thereby
providing for a great capacity for solution of real problem.

5. “Perdap” Hydro-Information System

The “Perdap 17 system was built on the common Serbian/Romanian section of the river
Danube (at the stationary km 943+000). The main object, 1280 m long, is symmetrically
divided into the Serbian and the Romanian part, each of them consisting of a ship lock, earth
dam without spillways, hydropower plant with 6 units and a part of concrete gravity dam with
14 spillway fields (with the clear opening of 25 m). The main features of these hydropower
plants are net head of 15.4 to 31 m, total installed discharge of 9800 m’/s, total installed power
of 2165 MW. The storage of the “DPerdap 1” system was formed on a complex river system,
which consists of the Danube and its tributaries, the rivers Tisa, Sava, Velika Morava, Tamis,
Nera, Mlava, Pek and PoreCka reka. An important feature of the “Perdap 1” storage is the
changeable length of the zone of the influence of water and the volume, depending on the
discharge and the operating regime of the hydropower plant. The volume of the storage under
the average hydrologic conditions amounts to 2800 millions of m’.

The “Perdap 2” system represents a downstream step that operates jointly with the system
“Perdap 1”. On the dam that is located at the stationery 862+800 km of the main course of the
Danube, there are two hydropower plants with 8 units each, located close to the left bank. In the
midst of the profile, there is a spillway dam with 7 spillway fields and closer to the right bank,
there is the Serbian ship lock and an additional hydropower plant with two units. The Romanian
ship lock is situated on the channel built through the Mare Island. On the dam situated in the
Gogos estuary (at the stationary km 875+000), in the middle of the profile there is a spillway
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with 7 spillway fields, while close to the right bank of the estuary there is the Romanian
additional power plant with 2 units. The hydropower plants are equipped with horizontal bulb
units, with the installed power of 27 MW, so the total power of the system amounts to 540 MW.
The total installed discharge is 8500 m*/s. Gross head varies from 2.5 m to 12.75 m, depending
on the Danube discharge. The “Derdap 2” storage consists of the Danube river bed, about 80
km long. At the maximum water levels the volume of the storage is 820 millions of m®. Along
the stretch of the storage Danube has no important tributaries.

The simulation model for hydropower calculations and management of the exploitation of
the systems of hydropower plants “Derdap 1” and “Perdap 2” has been developed to meet the
needs of the company “PD Perdap”, which is a part of the JP “Elektroprivreda Srbije”. The goal
of the development of the mathematical model is the rational exploitation of the hydropower
potential of Danube and the meeting of needs of the electricity generation and transmission
systems of Serbia and Romania (these systems differ in relation to power and time), adhering at
the same time to a range of restrictions on the control profiles on Danube, which are defined by
contracts of the two parties on the state level. The simulation model can be used for the
simulation and optimization of the operation of the complex hydropower system “Perdap 1”
and “Perdap 2” for the defining performances of the objects, demands of electricity generation
and transmission systems of Serbia and Romania, limitations related to levels and discharges at
the control profiles, initial and boundary conditions, and all of that in multiple versions of the
input data and the needed results. This allows for efficient decision-making in relation to daily
management decisions concerning the exploitation mode. The methodology of the development
of the simulation model for the needs of operational management of the exploitation of the
systems of hydropower plants “DPerdap 1” and “Perdap 2” is presented in detail in the paper
Milivojevi¢ et al. 2009b.

The evacuation of the water is performed by the Romanian and Serbian parts (each of them
in relation to its share of the potential) by means of units and spillway fields of the dams. The
system is managed in way which allows for the optimum exploitation of the hydropower
potential of Danube, regular navigation conditions, and without any threat to the riparian area.
Of great importance is also the fact that the upstream area of the “Derdap 1” storage consists of
the plains and that the riparian area of the “Derdap 2” storage is also situated in plains. For this
reason, by the means of contracts between the states, some limitations related to the water levels
on the characteristic profiles were introduced, impacting implicitly the operating regime of the
hydropower plants. According to the Rulebook on the Exploitation of the Systems “Perdap 1”
and ‘Perdap 27, the daily plan of exploitation for the current and the following days is prepared
on the daily basis and harmonized by the Serbian and Romanian parties. The daily plan
harmonizes the mean daily water levels, mean daily outflows, mode of evacuation and volume
of the water evacuated at the dams in the system, available total energy, maximum and
minimum power in the plants of the system, and the amount of spilling represented by its
energy equivalent. The correction of a daily plan is being performed should it be, on the basis of
the check of a daily plan, the analysis of the realization during the previous day and the new
forecasted Danube inflow, detected that water levels would go beyond the defined limitations,
what cannot be tolerated.

Taking into account the previously mentioned, the main task of the simulation model is to
determine the correct schedule and dynamics of unit commitment (and, if necessary, also the
use of spillways) in relation to the forecasted inflows and the defined hourly production plans,
or the defined hourly priority generations of each of the power plants on the Serbian and the
Romanian side, adhering at the same time to the defined limitations, while trying to achieve
minimum deviations from the defined plans and keeping the water consumption at its minimum
(i.e. operating with the maximum exploitation of the hydropower potential).
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The model is related to water flow and electricity generation in the whole system of the
hydropower plants “Perdap 1” and “Perdap 2”. The inlet of water into the system is in the form
of discharges on the profiles of the river system upstream from the zone of impact of water
level in the storage (the main course of Danube and all of its tributaries). On the other hand,
there are users’ requests (the requests of the Serbian and Romanian parties regarding electricity
generation as a function of time) and legally stipulated limitations. According to this, the model
encompasses all relevant flow forms, i.e., the flow through natural watercourses in accordance
with morphological performances, flow through objects (hydropower plants, spillways and dam
outlets, ship locks and the like). Another important thing is that the change of the flow
conditions is also being modeled as a function of time, due to management decisions. The
model has been developed for the calculations with an hourly discretization.

Respecting the already mentioned spatial and functional complexity of the system, the
spatial decomposition has been performed in the model, by introducing of various elements that
can be used for simulation of diverse natural or artificial watercourses. The complexity of the
system, from the modeling point of view, as well as from the point of view of numerical
solution, can be observed from a large number of bifurcations, the most important of which is
the “Gogos-Perdap 2” loop. In this part of the system, there are two parallel branches with two
hydropower facilities; this has as a consequence that besides the need for adhering to limitations
on the initial branching and the final joining of the estuary with the main course, it is also
necessary to satisfy certain internal conditions, and these are determined by the management of
the hydropower system, which is described in detail and demonstrated in the matrix form in the
paper Grujovic et al., 2009.

Here it should also be stressed that a hydropower plant as an object actually represents a set
of individual units, which are committed according to the criteria of the minimization of the
total discharge through a hydropower plant. The actual transformation of the gross head and
discharge into energy, i.e., the defining of the discharge needed for the realization of the certain
power at the current gross head, are performed at each step, for unit separately, according to its
characteristics, i.e., according to the turbine exploitation charts (power — net head — discharge),
taking into account the head loss in the inlet-outlet conduits (whereby the head loss changes
with time). The number of the committed units is defined in this manner at every time step of
the simulation, according to the criteria of the minimum water consumption and in order to
meet the demands related to electricity generation. A spillway, as an object, represents a set of
separate spillway fields with their characteristics (spillway curves: level — degree of opening —
discharge), which are engaged in cases when the water evacuation through the power plants
cannot satisfy all defined limitations.

A very important part of the developed mathematical model of the system of hydropower
plants “Perdap 1 and “Perdap 2” is the solving of the optimization problems of exploitation,
while in practice various goals can be encountered. One of the goals of the optimization can be,
for instance, the realization of the maximum use of the hydropower potential in accordance with
the previously defined hourly generation priorities. The goal of the optimization can also be to
achieve the minimum possible deviation from the previously defined production plan. In both
cases, the number of the committed units is also being optimized, in accordance with the
criterion of the minimum water consumption. All of the mentioned optimizations are performed
according to the defined limitations (most often the limitations of water level on the
characteristic profiles). Because of the complexity of this problem, the mechanism of the
adaptive genetic algorithms controlled by fuzzy controllers is applied in the model (Milivojevi¢
et al., 2009b; Herrera and Lozano, 1996ab).
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Taking into account the fact that a reliable forecasting system requires the optimum state of
the system at the initial moment, a similar approach is applied for the solution of the
optimization problem of determination of the initial discharges and water levels at all points in
the system, i.e., the updated state of the system, before the beginning of the simulation. In the
paper Stojanovi¢ et al. (2009a) is presented the use of the genetic algorithms for the correction
of input values, which allows for the improvement of the state of the system, what leads to the
improved matching between the calculated discharges and water levels and the measured
values, what allows for the operational use of the simulation model.

6. “Drina” Hydro-Information System

The basin of the River Drina represents the most important unused hydropower potential in the
Balkans. The area or the River Drina basin is circa 19 570 km* (30.5% of this area belongs to
Serbia, 31.5% to Montenegro and 37% to Bosnia and Herzegovina). The mean elevation of the
River Drina basin is 934 m a.s.l. and the elevations range from 75 m a.s.l. at the confluence of
the river, up to 2500 m a.s.l. on the top of the highest mountains. The average multiannual
amount of precipitation in the river Drina basin is circa 1100 mm. The amount of precipitation
ranges from 700 mm in the northern and eastern parts of the basin, up to 3000 mm near the
spring of River Lim on the mountain of Prokletije. The discharge of River Drina at its
confluence is somewhat higher than 400 m®/s. River Drina mostly has the snow-rain regime
with high waters levels in the springtime, due to snowmelt and spring rains, and the pronounced
minimum discharge during the months of August and September. Generally speaking, the
southern parts of the catchment are considerably richer in water than the central and northern
ones. From the mountainous areas in the southern parts of the basin come specific runoffs
higher than 15 1/s per km®. In the central section of the basin the specific runoffs range from 10
to 15 1/s per km®, while in the plain far north part of the basin the specific runoff decreases even
to some 2 1/s per km’,

So far 9 hydropower plants within the River Drina basin have been built (“Uvac” HPP,
“Kokin Brod” HPP, “Bistrica” HPP, “Potpe¢” HPP, “Piva” HPP, “Visegrad” HPP, Bajina
Basta” HPP, “Bajina Basta” RHPP and “Zvornik” HPP) that have the total installed power of
1932 MW and the average annual generation of 6350 GWh. Within the river Drina basin it is
possible to build substantial new hydropower capacities, which would allow for the additional
annual electricity generation of more than 7000 GWh. The construction of these hydropower
facilities requires the construction of large storages, which would consequently allow for the
irrigation of several tens of thousands of hectares of arable land in Serbia (Macva, Srem) and
Bosnia and Herzegovina (Semberija), water supply for several millions of citizens, water supply
to industry plants in Serbia, Bosnia and Herzegovina, and Montenegro, reduction of flooding
hazards on the whole area of the River Drina basin and a part of the River Sava basin, as well as
an increase in water quality.

In spite of various activities taken over many years and directed towards the best possible
exploitation of the hydropower potential of the river Drina basin, the future development in the
basin is still not clearly defined, because of lack of matching between the interests of the
interested parties: the Governments of Serbia, Montenegro, Bosnia and Herzegovina (Republic
Srpska and Federation of Bosnia and Herzegovina), power industry companies that use the
hydropower potential of the Drina basin and have their distribution networks in different areas,
local municipalities and public utility companies, other companies, various organizations for the
protection of environment etc. The only proper approach is to consider the whole area as one
integral water management entity.



30 D. Divac et al. : Hydro-Information Systems and Management of Hydropower Resources in Serbia

The “Drina” hydro-information system is a distributed hydro-information system, created
for the decision-making support to management of the waters in the river Drina basin. The
simulation model is the principal part of the complex software and it represents the core of the
distributed system for the support to the integral management of waters in the river Drina basin.
The model is related to water flow and exploitation in a broad and complex area that covers the
whole river Drina basin. Generally speaking, it is necessary to note the differences between the
two types of water courses; the first type are manageable water courses, i.e., water courses that
can be controlled by artificial facilities (some of which have already been built and some of
them not yet) and the second type are water courses that take place inevitably, without allowing
for any sort of influence by management decisions. Water enters the system in the form of
precipitation and there is a system of user demands (demands regarding electricity generation as
a function of time or demands related to the capturing of certain quantities of water as a
function of time). In accordance with the above mentioned, the model includes the formation of
the runoff from the rainfall, taking into account the influence of snow, relief and soil, as well as
all other linear flow forms, i.e., flows through natural water courses in accordance with
morphological performances, flows through artificial objects (dam spillways and outlets,
hydropower plants, tunnels, channels, pipelines etc.), what is in detail presented in the paper
Arsi¢ et al. (2009). A large number of parameters of the model of the formation of runoff on
complex catchment areas requires the implementation of the state-of-art estimation methods
(Milivojevi¢ et al., 2009c), in order to achieve the best possible matching between the
calculated and the measured values of discharge on a certain hydro-profile, where a
representative hydrologic station with reliable discharge measuring exists. It is also very
important to model the changes of flow conditions as a function of time, due to management
decisions (deliveries, priorities, and limitations, which are synchronized with the defined
demands regarding electricity and water and depending on the parameters of the state of the
system). The model has been developed for calculations in daily and hourly discretization.

Taking into account the great influence of the hydropower objects on water flow in the
river Drina basin, as well as the significant hydropower potential that is expected to be
developed in near future, the stress has been laid on the maximum liberty in the process of
modeling of hydropower plants and dams they belong to. For this reason a larger number of
modes of operation has been developed, what is described in the paper Vukosavic et al., 2009.
The presented modes of operation of hydropower plants allow for a successful simulation of the
most of the typical demands that are imposed on a hydropower plant by the electricity
generation and transmission system in a wide range of hydrologic situations. These modes are
applicable to all types of hydropower plants, irrespective of the size of their storages, and they
allow for the defining of the management of a hydropower plant with daily and hourly time
step. Algorithms that numerically implement these modes are stable and have a relatively short
execution time, so that they can be successfully used for the decision-making support within the
expert systems.

The realization of an integral algorithm (which includes natural and artificial watercourses,
as well as users’ requests, supply priorities etc.) has provoked the use of system models in
which discrete changes of state within the system or its environment occur discontinuously in
time. For this reason, a library of models has been developed, as well as the corresponding
simulation platform based on the application of the Discrete Event System Specification —
DEVS, as it is presented in the paper Milivojevi¢ et al. (2009a). On the basis of the developed
library, it is possible to define a large number of scenarios and to perform manipulation upon a
dynamic and flexible model that allows for all sorts of modifications, in relation to its
parameters and in relation to the structure of the model itself.
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7. “Vlasina” Hydro-Information System

The catchment of Lake Vlasina is situated on the watershed between the Black Sea and Aegean
Sea basins. Lake Vlasina is located on a high plateau at the elevation of circa 1200 m. The total
volume of the lake is 165 millions of m®, and some 107 millions of m® represent its hydropower
potential, i.e., its active volume. The position of the lake offers exceptionally suitable situation
regarding water collection and accumulation and it has a great hydropower potential compared
to the River Juzna Morava.

The concept of exploitation of waters within the system “Vlasinske HPPs” consists of
water transfer from the upper part of the River Vlasina basin and the basins of the rivers
Bozicka, Ljubatska and Lisinska into the basin of River Vrla; the transferred water is, along
with the waters of River Vrla used in the four hydropower steps. The available head between
the levels of Lake Vlasina and River Juzna Morava, which amounts to 880 m (along the length
of circa 26 km, starting from the normal water level in Lake Vlasina - 1213 m a.s.., to the point
with the elevation of 332 m a.s.l., where the most downstream plant is situated), allows for the
generation of high-quality, mostly peak-load, electricity, with a low water consumption.
Besides the waters from Lake Vlasina, into this system are also introduced the waters from all
other significant watercourses from the surrounding basins.

Water storage is performed in the three compensation storages (“Vrla 27, “Vrla 3” and
“Vrla 4”), which are used for the daily regulation of waters.

The lake’s own basin is very small (together with the lake it covers the area of 63 km?); this
is the reason why, in order to increase the water inflow into the lake, the basin has been
artificially enlarged by the construction of the system of channels, which drain the neighboring
basins. There are four gravity channels that lead the water into the lake, out of which the
channels “Cemernik”, “Strvna” and “Jerma” drain the waters from the area located to the North
of the lake and they direct it close to the dam. On the other, i.e., the southern side, the lake
receives the water from the channel “Bozicki kanal”, which directs into the lake the pumped
waters from River Ljubatska, as well as the waters from the intersected watercourses. This
section of the system is based on the Lisina storage, which is formed by construction of the dam
river bed of River Bozi¢ka, downstream from the River Lisina confluence, and a pumping
station, which pumps the waters to the elevation of circa 350 m a.s.l.; from this point on the
waters are transferred through the system of channels, tunnels and siphons into Lake Vlasina.
The Lisina storage has the total volume of 9.3 millions of m’, 7.5 millions of m* of which form
the active volume. Besides the waters of the rivers Bocicka and Lisina, which are gathered into
the Lisina storage by natural watercourses, the waters of River Ljubatska are also captured and,
through a transportation system, introduced by the gravity force into the storage. A part of the
waters of River Toplodolska (the upper part of the watercourse) are directly introduced by
gravity force into the system of channels, which reduces the load imposed on the pumping
station and saves the energy used for pumping.

Within the system of “Vlasinske HPPs”, the hydropower plants “Vrla 17, “Vrla 27,
“Vrla 3” and “Vrla 4” were built; they have the installed discharge of 18.5 m’/s, installed power
of 1259 MW (48.6 + 24 + 29.3 + 24) and an average annual production of 295 GWh
(95 + 50 + 73 + 77). Currently is the amount of circa 200-250 I/s of water being captured for
the purposes of water supply to the population of the towns of Surdulica and Vladi¢in Han. The
quantities of water used for irrigation within the basin of River Vrla are mostly insignificant
(and most of them are captured from the expansion of the channel-storage “Vrla 4””). Because of
the large storage area, in an average year circa 5 millions of m’ are lost through evaporation,
which amounts to 105 1 per second.
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The system “Vlasinske HPPs”, although having a relatively low power and electricity
generation, represents a very generation facility within the EPS (Electric Power Industry of
Serbia), because it is used for the generation of the peak-load electricity, as well as a cold and
spinning reserve in the system. Besides, this system has been keeping constant the voltage level
in the network of the southern Serbia for many years. In order to make the right and timely
decisions in relation to the management of the operation of the system “Vlasinske HPPs”, as
well as to obtain a better insight into the directions of its further development, the need for the
creation of the “Vlasina” Hydro-Information System had emerged.

The creation of the “Vlasina” Hydro-Information System is in accordance with the
significance and the role of the “Vlasinske HPPs”, taking into account the complexity and
specific features of this system. The accepted approach is that the whole area should be treated
as one integral water management unit, because that is the only way to provide the maximum
effects of multi-purpose water usage. According to this, the simulation model of the Vlasina
hydro-system is related to water flow and its exploitation in the area that encompasses the
basins of the rivers Vrla, Vlasina, Bozica, Ljubata, Jerma, and the like (circa 850 kmz).

The spatial decomposition of the River Vlasina basin is created in accordance with the size
of the basin, the existing state of its construction and the future development possibilities, the
specific features of the hydro-technical objects and the possibilities for the application of the
model that describes water flow through natural and artificial watercourses. The principal
spatial decomposition of the system is completed and has the following segments: sub-basin,
hydro-profile (storage, channel, intake, or natural flow-through), hydropower plant, pumping
station, waterworks, hydro-node, flow (closed, direct, river flow, or channel flow).

The basin of the “Vlasinske HPPs” system is specific because of the existence of a large
number of gravity channels that capture the water with the purpose of its hydropower
exploitation. The channels in combination with the natural hydrographic network, lead to
bifurcations on the intersections, i.e., the natural surface and sub-surface water flows are
significantly altered due to the existence of artificial channels, which intersect river flows, store
the water on the higher elevations, filling thereby the storages, or they transfer the water from
one basin into the other. Under such conditions, the modeling of the transformation of the
rainfall into runoff by the SWAT model was adapted, so that the channels cannot capture the
whole amount of the water from the natural watercourses, but they allow for a certain amount of
the water to run downstream, along the surface or under the surface. The methodology of the
modification of the SWAT model suitable for the calculations of water flow under such
complex circumstances is presented in the paper Prodanovic¢ et al., 2009b.

Taking into account the fact that the “Vlasinske HPPs” create a cascade, they demonstrate
certain specific features as compared to other HPPs. The main particularity of this system is that
the simulation of the operation or the optimization of the management, according to a certain
criterion, have to be performed on all the hydropower plants of the cascade simultaneously,
while the demand by the dispatcher regarding the production of such power plants is set for the
entire system. The distribution of demands on particular power plants is performed according to
the previously defined rules and in accordance with a series of conditions and limitations. The
task of the simulation is to define the optimum operating regime of the HPPs in a cascade, while
the system of HPPs in the cascade is regarded as one entity. In order to meet the needs of the
simulation of the operation of the system, various operating modes have been defined; the
differences between the lie in the applied time step and the type of user demands (Stojanovi¢ et
al. 2009b). Taking into account the purpose of the simulation model and the specific features of
the system, the simulation is formulated as a time discrete simulation with a constant time step,
while the decomposition of the objects is performed in accordance with the methodology
presented in the paper Stojanovié et al. (2009b).
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8. Conclusions

Hydro-information systems intended for the support to water management are a way to
establish the communication between all relevant parties within the catchment in a more
dynamic and efficient way; this is related to all phases of a decision-making process, beginning
with the strategic planning of investments and ending with operational management of
exploitation, as well as to all levels of engagement, from measurements and information
collecting to complex evidence-gathering procedures in legal matters.

Hydro-information systems have a very important role as a support to everyday decision-
making, but they are also a tool for estimation of the consequences of the planning of the
operation of the system under a variety of hydrologic, economical, legal and other
circumstances. The development and application of such software is a step forward towards the
strategic goal - the creation of necessary conditions for the optimum management of water
resources and solving the existing and potential conflicts in the region, in relation to the lack of
matching between the interests of different parties.

Taking into account the integration processes, which are very intense in the EU countries,
and great efforts demonstrated by their institutions in order to harmonize the studies in the field
of water resources management, and the consequential necessary interoperability of the applied
methodologies and obtained research results, an open architecture of the system was created and
those software technologies were chosen that do not limit the capacities of the further
development and re-structuring in accordance with the current trends. For the development of
the software platform of hydro-information systems the latest technologies have been applied,
in the process of system design, as well as in the process of development of applications and
implementation of the database. The system architecture design and the choice of particular
software technologies were made in order to create an open, scalable platform, which will have
an equally good performance in a distributed environment too, which is nowadays the most
common case.

Thus, a very important step in relation to the integral water management is the introduction
of hydro-information systems for management support, which should be used as decision-
making support in relation to informatics, technical and expert support. It can be concluded that
the development of hydro-information systems accomplishes a significant breakthrough
towards a contemporary, cybernetic approach to management of water resources and integral
systems of water infrastructure.
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