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Abstract: The process of finding optimal solution for utilization of hydro-energetic potential of a river flow
is a very complex procedure, because it is necessary to find a compromise between an energetically optimal
solution and a solution with lower negative influence on the environment and sociological conditions, which is
often contradictory in practice. In order to show more precisely the complexity in choosing an optimal solution
for utilization of hydro-energetic potential of a river flow, a mathematical model of multi-criteria optimiza-
tion and multi-criteria rating for different variants of utilization of the River Moraca basin is presented in this
paper. For the process of multi-criteria optimization, a complete software packages and large documentation
as well as preliminary projects for planned hydropower plants have been used. The aim is to reach an optimal
utilization of hydro-energetic potential of a river flow, especially in cases when the existing investigations do
not give priority to a particular variant, and the hydropower plants need to be constructed in near future.
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Introduction

This paper discusses a complex mission of optimization
of hydro-energetic potential utilization of a specific river
flow. In this context, the optimization is only the means
to provide a decision making utility about the effects and
consequences of particular possible decisions. To find
the optimal solution for hydro-energetic utilization of a
river, we present a mathematical model of multicriteria
optimization and rating which can be successfully
used in finding an optimal solution for hydroenergetic
utilization of a specific water flow.

Many solutions these days cannot be applied in
practice for hydro-energetic potential utilization. The
most common reasons are the increased influence of
non-governmental sector and other associations for
environment protection on development of energetic
sector, on the environment, difficulties in regulation of
legal property relations, demographic nature problems,
etc. In order to make a concrete decision about the
construction of big reservoirs which inundate populated
areas and bountiful scenic areas, a prior analysis should
be conducted in order to persuade the people that the
utilization of hydro-energetic potential of a river flow
has optimal solution regarding negative influence on the
environment, energetic usage, sociological conditions,
etc.

To simplify the complex process of multi-criteria
optimization and rating the modeling process is
presented through the practical example of finding an
optimal solution for the hydro-energetic utilization of
the Moraca River in Montenegro. Till now, an optimal
variant of hydro-energetic utilization has not been
found, though many activities for the construction

HYDRONEPAL | ISSUENO.8| JANUARY,2011

of hydropower plants at this water flow have been
undertaken. A multi-criteria optimization, which
implies all important factors relevant for making
decisions, must be previously performed in order to
make a appropriate decision of a specific variant and
get supportive hands for the construction of hydro-
energetic objects..

AnalysisofVariantSolutionsof Hydroenergetic
Potential Utilization of the Moraca River

The data used are mainly secondary, which are older
than 20 or more years old. Therefore, many solutions
proposed may not be used in today’s conditions, because
there is a disharmony between the solutions from
the period of Communism. To make and implement
the decisions about the formation of big reservoirs
and inundations of entire areas, is nowadays rather
hard to achieve primarily because of bigger influence
of non-governmental and other associations for the
environment protection on the development of energy
sector. Moreover, there are negative evidences that
influence existing reservoirs on the environment in
Montenegro, as well as difficulties with regulations of
legal property relations because of higher prices of real
estate in Montenegro.

In last 20 years in this and neighbouring European
countries huge changes have occurred in all sectors;
therefore it is necessary to find a compromise between
previously proposed solutions of utilization of this water
flow and new conditions. This investigation is in designed
to search for these solutions, and the comparative
analysis of proposed variants from the current Water
Economy Base and new solutions proposed by the
author of this paper will give an optimal solution.
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No. Name Type Average | Install- | Hg Hn Installa Produc | Annual Normal
of HPP of HPP | annual water (gross) | (net) -tion -tion Volume back

water ation power E year of accumu -water
flow flow Ni (MW) -lation Va level
Qav. Qinst. (1.0x 10® m3)
M3/s M3/s m m MW GWh M (million) m? m.n.m.

1. LJevista Der. 3.56 20 300.5 277.1 | 47 73.4 27 1028

2. Krusev lug | Der. 7.06 35 105.6 94.1 27 49.5 29 590

3. Ljuta Der. 9.78 50 159 155 60 113 45 463

4. Andrijevo Dam. 37.8 120 117 115 127 323.7 250 285

The tributaries of the River Moraca

5. Ibrija Der. 1.27 6 158.2 1504 | 7 14.2 8.4 481
6. Velje Duboko | Der. 2 10 549 492 40 73.3 13.5 846
SUM 308 647.1 373.9

Table 1. Variant 1 Predicts the Construction of Big HPP Andrijevo with the Normal Backwater Level 285 m ASL, and Upstream
Hydro Power Plants Ljevista, KruSev Lug, Ljuta.

No. Name of Average | Install- Hg Hn Installa- Annual Volume of | Normal
HPP Type of | annual ation (gross) | (net) tion Produc- accumu- | back-
HPP water | water power tion Eyear| lation Va | water
flow flow Ni (MW) (kwWh).  [(1.0x10°m3)| level
Qav. Qinst.
M3/s Md/s m m MW GWh Mm3 m.n.m.

Main course of the river Moraca

1. Dubravica Prib. 9.78 50 146 144 60 104.9 100 500
2. Grla Prib. 9.78 30 40 38 10 27.7 2 335
3. Andrijevo Prib. 37.8 120 85 83 127 233.6 100 250
Tributaries of the river Moraca

4. Ibrija Der. 1.27 6 231 229.6 12 21.7 8.4 481
5. Velje Duboko Der. 2 10 550 538.4 46 80.2 1.6 800
6. | Sjevernica Prib. 2 10 100 98 9 14.6 30 350

SUM 264 482.7 262

Table 2. Variant 2 Predicts HPP Andrijevo with the Normal Backwater Level 250 m asl, Construction of the Same Downstream
Water Power Plants on the Basic Water Stream and on the Affluents as in Variant 1, while HPP Grla and Dubovica are Planned
Upstream. Type of Hydro Power Plants: Der. = HPP with Derivation (with long penstock); Prib.= HPP with Power House
Close tothe Dam.

No. Name of Type of | Average| Install- Hg Hn Installa- | Annual Volume of | Normal
HPP HPP annual ation (gross) (net) tion Produc- accumu- | back-
water water power |tion Eyear lation water
flow flow Ni (MW) (kWh). Va level
Qav. Qinst. (1.0x10°m3)
M3/s M3/s m m MW GWh Mm3 m.n.m.

Main course of the river Moraca

1. | Duta Der. 3.56 20 300.5 277.1 47 73.4 27 1028
2. | Dubravica Prib. 9.78 50 146 144 60 104.9 100 500
3. | Grla Prib. 9.78 30 40 38 10 27.7 2 335
4. | Andrijevo Prib. 38 120 98 95 130 267 150 265
Tributaries of the river Moraca

4. Ibrija Der. 1.27 6 215 213 11.1 20.1 8.4 481
5. | Velje Duboko Der. 2 10 535 521 45.3 78.9 1.6 800
6. | Sjevernica Prib. 2 10 100 98 9 14.6 30 350

SUM 265.4 513.5 292

Table 3. Variant 3 is the Same as Variant 2, but there is an Additional Possibility of the Reservoir Construction for HPP Ljevista
with the Normal Backwater Level 1028 m asl.
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According to Strategy of Energetic Development in
Montenegro, by the year 2025 the construction of
hydropower plants, such as HPP (Hydro Power Plant)
Andrijevo, HPP Milunovi¢i, HPP Rafailovi¢i and HPP
Zlatica, was planned on the river Moraca, but in this
strategy the detailed analysis indicating the accepted
variant from the current Water Economy Base of
Montenegro was not presented. The question is: Is it
Variant 1, which implies the creation of big reservoir,
with normal level 285 m.n.m. (Veliko Andrijevo), or
Variant 2, with normal level of the same accumulation
250 m.n.m? This delicate matter was avoided even in
Water Economy Base of Montenegro and in Strategy
of Energetic Development of Montenegro by 2025;
therefore, both were only presented as possible variants
of utilization of this very important hydroenergetic
potential. The expert team from the Institute Jaroslav
Cerni, because of inadequacy of previously mentioned
variants, suggests Variant 3 with normal level of
accumulation Andrijevo 265 m.n.m. (Divac et al 2001,
Pordevié and Saranovié¢ 2004, and Pordevié2001)/.

Apart from the above mentioned variants even the
variants which provide transfer of upper basin water
of the river Moraca and formation of big reservoir on
the River Mrtvica in Velje Duboko appear. These are
Variants 4 and 5, which provide transfer of upper basin
water of the river Moraca into big reservoir of Velje
Duboko, as well a smaller accumulation Bijeli Nerini
and construction of two hydropower plants HPP Velje
Duboko and Bijeli Nerini (Brecevié¢ et al 2007, Dordevic¢
2003, Pordevi¢ and Saranovié¢ 2007). The basic data
for these variants are shown in Table 4 and Table 5.

Figure 1. Main Course and Tributaries of the River Moraca,
Montenegro: Variant 1.
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Figure 2. Main Course and Tributaries of the River Moraca,
Montenegro: Variant 2.

Figure 3. Main Course and Tributaries of the River Moraca,
Montenegro: Variant 3.

The original Variant 6 and Variant 7 are similar to Vari-
ants 4 and 5, but in this case the reservoir Bijeli Nerini
and hydropower plant Bijeli Nerini are avoided and
the construction of hydropower plant Velje Duboko,
which implies direct water flow from the reservoir Velje
Duboko into the reservoir Andrijevo, is planned. The
basic data of Variant 6 and Variant 7 are shown in Ta-
ble 6 and 7 (Pordevi¢ 1990, Divac et al 2001, Opricovié
1986).




No. Name of Average | Install- Hg Hn Installa- | Annual Volume of | Normal
HPP annual | ation | (gross) (net) tion Produc- accumu- back-
water | water power | tion Eyear lation water
flow flow Ni (MW) | (kwWh). Va level
Qav. Qinst. (1.0x10°m3)
s [ m ™ oo ol M’ mnm
1. | Velje duboko | 7.06 40.0 535.0 479 161.0 260.0 90.0 922.0
2. | Bijeli Nerini 19.39 | 60.0 125.0 120.0 61.0 165. 1.5 380.0
3. | Grlo 5.43 20.0 180.0 154.0 26.0 68.0 46.0 452.0
4. | Andrijevo 37.8 120 85.0 85.0 127.0 233.6 100.0 250
5. | Trebjeska 1.3 5.0 290.0 284.0 12.0 26.0 4.0 700.0
6. | Celina 1.0 4.0 115.0 106.0 4.0 6.0 1.5 520.0
7. | Sjevernica 5.15 12.0 124.0 115.0 12.0 42.9 2.0 400.0
SUM 395.0 809.5 245.0

Table 4. Variant 4 Predicts the Transfer of Upper Basin Water of the River Mora¢a and Formation of Big reservoir on the River
Mrtvica in Velje Duboko and Small Downstream reservoir Bijeli Nerini and with Normal Backwater Level of reservoir Andri-

jevo 250 m asl.

Mame of average | install- Hy |H= wrtalla | Amnual | voluse of | Mormal back-
e el el SN T N R -l s
(15" Mow wiiew) | par | va
Qv Qi owh). | i1 nxsfe®)

wls s m ™ ) = Mot L
1. | velje 7.6 0.0 5350 |4 1510 oD |00 v K
thafmkn
2 | Bl 1mn/m 62,0 104 |w4a |50 10 |15 =D
Merini
1. | arla 541 0.0 maa |1s4a | 6D &80 1.0 oK)
4. | Andrijem | 378 10 ES.D ES.D 150.0 7aF D | 1504 705
£ | Trebjpda |13 5.0 7%a |zs4a |12D b N | 4.0 AANLD
B | Odma 10 4.0 ji5G [TaG |40 G is STO.0
7. | Sjovemim | s5.1% 120 1240 |7115a | 12D "9 0 AW
SN Mao |m7o |2950

Table 5. Variant 5 Predicts the Transfer of Upper Basin Water of the River Morac¢a and Formation of Big reservoir
on the River Mrtvica in Velje Duboko and Small Downstream reservoir Bijeli Nerini and with Normal Backwater

Level of reservoir Andrijevo 265 m asl.

The variants downstream of the hydropower plant HPP
Andrijevo were not analyzed, because the suggested so-
lutions presented in Water Economy Base of Montene-
gro in all variants are optimal.

This project is envisioned very ambitiously because it
affects the core of energetic development, especially
having in mind that the project of the Strategy of En-
ergetic Development in Montenegro by 2025 predicts
only the construction of bigger hydropower plants on
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the river Moraca and only one more hydropower plant
Komarnica. With this strategy the priority hasn’t been
given to variant solutions for the construction of hy-
dropower plants on the Moraca, but the solutions are
mostly based on the data from current Water Economy
Base of Montenegro. The in-depth analysis in order to
favour certain proposed variant solutions hasn’t been
performed until now, probably due to the complex
analysis of the problem, as well as its implementation
in practice.
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Table 6. Variant 6 Predicts the Transfer of Upper Basin Water of the River Morac¢a and Formation of a Big reservoir
on the River Mrtvica in Velje Duboko without reservoir and HPP Bijeli Nerini and with the Normal Backwater Level

of reservoir Andrijevo 250 m asl.
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Table 7. Variant 7 Predicts the Transfer of Upper Basin Water of the River Morac¢a and Formation of Big
Accumulation on the River Mrtvica in Velje Duboko without reservoir and HPP Bijeli Nerini and with the Normal

Backwater Level of reservoir Andrijevo 265 m asl.

Surely, the investigation with more answers would
have better results but, in any case, we think that this
is a great contribution for the pioneer attempt of the
multicriteria optimization of variant solutions for uti-
lization of hydroenergetic potential of the flows of the
river Moraca.

F(x) — Vector criteria function

F (x) = f1(x), f2(x), f3(x), f4(x),f5(x)

The criteria functions in this paper are :
f1(x)- Annual production,

f2(x)- Volume of accumulation (reservoir),
f3(x)- Installation power,
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f4(x)- Negative influence on the environment,

f5(x)- Sociological demands.

x- vector variables

For optimal solution we chose the method of com-
promise programming and compromise programming
hierarchy.

The basic characteristics of compromise program-
ming are the determination of minimum deviation from
the ideal solution by the multicriteria optimization on
the basis of the adopted distance measure, including all
the criteria (Opricovi¢ 1992, Savi¢ 2003, Steuer 1986).
As distance measure from the ideal point in majority of
cases Lp-metrics is used, as in this paper.
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Table 8. Classification of for utilization of Hydroenergetic Potential of the Flows of the River Moraca.
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Table 9. Classification of Variant Solutions on the Basis of Multi-criteria Optimization Process for Different Values
of Weight Coefficients of Criteria Functions for Utilization of Hydroenergetic Potential of the River Moraca.

L(FT,F) = ; 1<p=:

As it can be seen Lp- metrics is the distance from the
ideal point F and point F(x) in the space of criteria func-
tions.

p- compromise parameter

The function compromise programming as R(F(x), p);
R(F(x), :) = max (fiT - fi(x))

In this research we use metrics for the following values
of balancing factor:

p=1 the best solution for all of these five criteria

p=2 the solution nearest to ideal point

p= : priority is given to the criterion with minimal de-
viation

Selection of the values of parameter p the strategy of
compromise in multicriteria optimization is adopted.
For realization of this research we use the software
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designed for the solution of multicriteria optimization
problems.

Results of Multicriteria Optimization and
Rating

According to current Water Economy Base of Montene-
gro both Variants 1 and 2 are conditional and aim to de-
termine limitary possibilities for realization of objects,
on the basis of natural and other limitations. It should
be mentioned that without the transfer of Monastery
Moraca could not be reached transfer in time of the
River Moraca neither in Variant 1 nor in Variant 2.

Criteria functions of negative influence on the environ-
ment and social demands, because of impossibility of
obtaining exact results for each variant, are marked
with numbers 1 to 5, where the Variant marked with 5
has the lowest negative influence.
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On the basis of rating and criteria values, using software
packages ‘VIKOR’ for problem solving in multi-criteria
optimization and multi-criteria rating, the process of
optimization for different values of weight coefficients
was performed.

On the basis of extremization indicators for all variants
according to analyzed criteria, the optimal sequence of
variant solutions for each criterion was obtained; i.e.,
their places in classifications with one criterion (Table
8). The classification of variant solutions on the basis of
multi-criteria optimization process for different values
of weight coefficients of criteria functions Table 9.

Ifin the optimization process equal values of weight coef-
ficients (W) I of criteria functions are introduced 0,2 0,2
0,2 0,2 0,2, the results of vector—A are obtained accord-
ing to the classification and measures QR, Q, QS, where
QR is a minimal strategy, Q is compromise list and QS is
strategy of the majority of criteria (Table 9), and optimal
solution for presented weight criteria is Variant 7.

VIKOR results for different values of weight coefficients
of criteria functions W(I) classifications presented ac-
cording to the measures QR, Q and QS

QR — minimal strategy

Q — compromise list

QS — strategy of the majority of criteria
If the accent is on weight coefficient of criteria function
for annual production of electricity, the highest ranked
variant is Variant 77, followed by Variant 5 and Variant 6.

If the accent is on weight coefficient of accumulation
volume in the process of multicriteria optimization, op-
timal solution is Variant 7, followed by Variant 5 and
Variant 4.

If the accent is on total installed power in the process
of optimization through weight coefficients, the highest
ranked is Variant 1, followed by Variant 7 and 5.

If the accent is on negative influence on the environ-
ment, optimal variant is Variant 6, followed by Variant
7 and Variant 4.

If the accent is on weight coefficient of criteria func-
tions of sociological demands, the highest ranked vari-
ant is Variant 7, followed by Variant 6 and Variant 4.

Conclusion

For equal values of weight coefficients of criteria func-
tions optimal solution is Variant 7. On the basis of
presented investigations it can be concluded that be-
fore the final solution of hydro-energetic utilization of
specific water flow it is necessary to carry out detailed
analysis of all the potential variant solutions. The pro-
cess of multi-criteria optimization and multi-criteria
rating can be accomplished before making final deci-
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sions about the solution of hydro-energetic utilization
of specific water flow.

In finding optimal solution for hydro-energetic utiliza-
tion of water flow the most important factors are total
annual production, accumulation volume and sociolog-
ical demands. According to the analysis of the results of
multi-criteria optimization for above mentioned criteria
the highest ranked variant is Variant 7. If in the process
of multi-criteria optimization the accent is on weight
coefficient of criteria function of negative influence of
reservoir on the environment, the highest ranked is
Variant 6, followed by Variant 7.

Regardless, the fact that only Variants 1 and 2 are in-
cluded in the current Water Economy Base of Montene-
gro, it is necessary to do additional researches for other
variant solutions, especially for variant solutions that
provide transfer of upper course waters of the Moraca
river. These researches are particularly important be-
cause of the planned construction of a hydropower
plant on the Moraca river in near future. Therefore,
these investigation papers will be very useful before
making final choice of the variant solution on the ba-
sis of which will be constructed hydropower plants at
this water course. Furthermore, this research is useful
as a method which enables wide observation on finding
optimal hydro energetic potential utilization of specific
water flow.

If the accent is on weight coefficient of criteria function
for annual production of electricity the highest ranked
variants are Variant 5, followed by Variant 4, then fol-
lowed by Variant As.

If the accent is on weight coefficient of reservoir volume
in the process of multicriteria optimization, optimal so-
lution is Variant 4, followed by Variant 5.

If the accent is on total installed power in the process
of optimization through weight coefficients, the highest
ranked is Variant 5.

If the accent is on negative influence on the environ-
ment, optimal variant is Variant 4.

If the accent is on weight coefficient of criteria functions
of sociological demands, the highest ranked variant is
Variant 4, followed by Variant 3 and Variant As.
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construction hydro power plants, construction man-
agement and technology, project management, con-
struction estimating and property surveying. He has
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Nominations will be evaluated by a three person Evaluation Committee consisting of prominent authorities
in the sector. The Evaluation committee will decide the winner by June 30, 2011. The Decision of the Evaluation
Committee will be final. The winner will be announced in the 9" issue of HYDRO Nepal in July 2011.

Address your nominations to: HYDRO Nepal
P. O. Box: 15142 KPC 609, Kamalpokhari (near Kumari Hall), Kathmandu, Nepal
Phone No.: 977-1-4430839, Email: hydro.nepal.journal@gmail.com
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