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Specifics of hydropower plant management in isolated power
systems

Abstract. The paper describes the distinctive features of the isolated power system of Tajikistan, significant part of which is constituted by the
hydropower plants; identifies the main problems of the electric power system of the Republic of Tajikistan in terms of power generation; describes
specific features of HPP cascade management; proposes a method of determining the alternative fully drawn down level of the Norak HPP reservoir,
taking into account the water level requirements in various water volume conditions from the point of view of power generation increase; estimates
the economic efficiency of reducing the deficit of electricity in the power system with view to long-term optimization.

Streszczenie. W artykule opisano charakterystyczne cechy izolowanego systemu elektroenergetycznego TadZzykistanu, ktérego znaczng cze$é
stanowig elektrownie wodne; identyfikuje gtéwne problemy systemu elektroenergetycznego Republiki Tadzykistanu w zakresie wytwarzania energii;
opisuje specyficzne cechy zarzgdzania kaskadowego HPP; proponuje metode okre$lenia alternatywnego catkowicie obnizonego poziomu zbiornika
Norak HPP z uwzglednieniem wymagan poziomu wody w réznych warunkach objeto$ci wody z punktu widzenia przyrostu mocy; szacuje
ekonomiczng efektywnos$c¢ redukcji deficytu energii elektrycznej w systemie elektroenergetycznym z myslg o dfugoterminowej optymalizacji.

(Specyfika zarzgdzania elektrownig wodng w izolowanym systemie)
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Introduction

Optimal management of hydropower plants (HPPs)
regimes is a complex task that should be solved individually
for each power system, depending on its structure and
nature. Each power system has its own specific
characteristics and requires individual approach for solution
of particular tasks. Most often, the target of HPP optimal
management is the rational use of hydropower resources.
The HPP operation regime depends on the river flow, which
is probabilistic and varies widely depending on weather
conditions and other factors. HPP regime management is
even more complicated under severe water economic
management restrictions. Currently, the adjustment range
of the HPPs is limited by the water economic management
requirements. In this regard, there is a need to analyze and
change the methods and tasks of optimal use of HPP
resources [1-3].

Long-term regime optimization includes finding effective
HPP operation regimes for the entire control cycle. It is
necessary to define the regime of use of water and energy
resources of the water reservoirs, with establishment of refill
and drawdown schedules for the water reservoirs. Planning
of optimal long-term HPP regimes is necessary for the
implementation of rational use of reservoir resources.
Efficient use of water in HPP reservoirs can increase
electricity generation by 5 % or more [4-6].

For many years, many classical algorithms, such as
linear programming [7], heuristic programming [8], dynamic
programming [9], network flow algorithms [10], etc., have
been widely developed and applied to the aforementioned
optimization task. Solving problems related to large-scale
hydropower systems, usually used methods that can reduce
or facilitate computational dimensions. Therefore, it is
extremely important to develop other optimization
algorithms in order to reduce dimensionality, increase
computational efficiency, and improve the efficiency and
practicality of optimization results.

Tajikistan's electric power system (EPS), which consists
mainly of HPPs, has some characteristic features that
should be taken into account when applying optimization
methods.

Description of the Research Object

Tajikistan is a country whose territory is 93 % covered
with mountains. It has unique potential of renewable and
environmentally friendly energy sources — the hydropower
resources. Hydropower is the main energy source for the
electric EPS of the Republic of Tajikistan. Tajikistan ranks
the 8th in the world in terms of hydropower resource
potential after China, Russia, the United States, Brazil,
Zaire, India, and Canada. Its hydropower reserves are
estimated at 527.06 billion kWh per annum. Technically
available and economically feasible potential is 317 billion
kWh per annum, just 5% of which have been used so far
[11-13]. Hydropower potential is 58.55 thousand kWh per
annum per person, making it second largest in the world.
Tajikistan exceeds many countries in terms of Hydropower
potential per s%uare kilometer of the territory (3682.7 kWh
per annum /km®). The main rivers of Tajikistan are Vakhsh,
Panj, Kofarnihon, Zarafshon and Syr Darya Rivers, whose
basins cover more than 75% of its territory. Combined, the
rivers of Tajikistan account for 55.4% of the average annual
surface runoff of the Aral Sea basin [14-16].

Tajikistan has virtually no oil and gas resources, their
amount accounting for less then 1% of the total power
resources. In Tajikistan, the electricity sector is managed by
an Open Joint-Stock Holding Company (OJSHC) "Barqi
Tojik". This state-owned company controls power plants
and networks, power generation, power transmission and
distribution of electricity across the Republic, with the
exception of Gorno-Badakhshan Autonomous Oblast
(GBAO) [17-20].

The electricity system of Tajikistan consists mainly of
HPPs, and the following significant features should be taken
into account for optimal power plant regime management of
the power system [15,17,21 :

. almost 90% of the installed capacity of the system
is accounted for by HPPs, which produce about 99.5% of
the country's electricity;

. Thermal power plants operate during the winter
period (November-February) and supply hot water and
electricity to Dushanbe city residents only;

. almost all HPP capacity (97 %) is concentrated on
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the Vakhsh river, which requires to take into account the
downstream relations of the HPPs located thereof when
determining optimal HPP operating regimes; the capacity of
the Norak HPP, which has an annual (seasonal) regulation
reservoir, is 80% of the total capacity of the Vakhsh
cascade HPPs. Such predominance results in the fact that
the water flow of the other HPPs in the cascade, which as a
rule have daily regulated reservoirs, is mainly determined
by the ftransit runoff of the Norak HPP. Naturally, the
adjustment capacities of such hydropower plants in the EPS
are extremely small.

The maijor part of electricity in Tajikistan is generated by
HPPs concentrated on the Vakhsh, Syrdarya, and Varzob
rivers. The main source of water resources are the
mountains, mainly due to snowmelt. The water flows down
in a natural way, reaching its peak level in June. The natural
regime of levels and flow rates of the Vakhsh River in the
period from October to March is characterized by a stable
low-water period with small, almost uniform water flow
rates, the lowest of them in December, with slight
fluctuations in level. Vakhsh is characterized by low levels
and expenditures in the autumn-winter period, when the
river is fed mainly by groundwater and periodical
precipitation. The rise in water consumption begins in April,
the highest water consumption is observed in July,
sometimes in late or early August, and the decline begins in
mid-August, lasting until October. In mid-October, the low-
water state of the river begins, with flow rates of about 150-
250 m® sec. The hydrograph of the Vakhsh River is shown
in Fig.1.
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Fig.1. Hydrograph of the Vakhsh River

Thus, at present, Tajikistan is experiencing serious
difficulties associated with a constant shortage of electricity;
the power shortage amounts to 2-4 billion kWh in winter.
The main causes of energy shortage in the Republic of
Tajikistan are as follows [21]:

. of all the HPPs, only the Norak HPP has a
reservoir of annual (seasonal) regulation with a capacity of
10.5 km3 of water; all other HPPs have either daily
regulation or no regulation at all. Stored energy cannot
cover the country’s needs during the winter period.

. isolated operation of the power system. Since
2009, Tajikistan's energy system has been operating in
isolation, which makes it impossible to import electricity
from neighboring countries in winter. In summer, the
country has a surplus of electricity, which cannot be
exported to neighboring countries. Therefore, a huge
amount of water is discharged in vain. Energy loss in the
summer period ranges from 3 to 7.5 billion kWh, depending
on the water amount of a specific year.

. increase in electricity consumption by the
population during the winter heating period.

Thus, the relevance of this paper lies in the research
and finding the solutions to the task of reduction of the

current electricity shortage in Tajikistan based on the
calculations of the optimal operating regimes for the HPPs
in the country’s power system.
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Fig.2. Diagram of the Vakhsh HPP cascade

Method of additional drawdown of Norak HPP reservoir

Eight HPPs are located in a cascade on the Vakhsh
river. Six of them are located on the Vakhsh River itself;
they are Bilding Rogun, Norak, Boygozi, Sangtuda - 1,
Sangtuda - 2 and Sarband HPPs. The other two, Markazi
and Sharshara HPPs, are located on the Vakhsh River
main canal. Since the latter two HPPs have small installed
capacities and are located on relatively small diversion
dams intended for the accumulation of irrigation channels,
they are not studied in this paper. We should point out that
out of five reservoir- equipped HPPs under consideration,
Norak HPP reservoir is the only one with the ability to
regulate annual (seasonal) flow, while the remaining HPPs
located downstream have daily regulation only. Vakhsh
cascade scheme is shown in Fig.2.

With the cascade arrangement of HPPs, the task of
optimization of their long-term regimes becomes more
complicated. Cascade stations are linked in terms of flow
rate, water pressure, power capacity, and power
generation. HPPs of the cascade differ in varying degrees
of flow regulation [22]. The upstream plants affect the
downstream ones in the cascade, namely, the regulation of
the flow and, as a result, the generation of electricity and
power. The larger the reservoirs of the plants upstream, the
greater is the effect. In the cascade, the joint flow regulation
is implemented, based on the requirements of the power
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consumers and the power capacity of each HPP in the
cascade. Usually, water and energy regulation of runoff is
carried out according to the principle of maximum efficiency
of the entire cascade, but each station can set its own limits
for regulating the runoff [23].

The Government of Tajikistan is actively working to
complete the construction of the Rogun HPP. The Rogun
HPP with an installed capacity of 3,600 MW will become the
largest station in Tajikistan, with an average annual power
energy generation of 13.1 billion kW-h [24]. The Rogun
hydropower unit is the largest on the Vakhsh River,
providing the most efficient operation of the entire cascade.
With the commissioning of this station, it is possible to
practically fully mastering the water and energy potential of
the entire Vakhsh River, as well as regulate the flow of the
Amu Darya River. The reservoir of the Rogun HPP will have
an annual flow regulation, which will allow storing a huge
amount of water in summer and dumping it in winter,
thereby reducing the shortage of electricity in the country.
Also, the construction of the Rogun HPP on the Vakhsh
River will improve the operation mode of the Nurek HPP,
since the joint work of Rogun and Nurek allows the efficient
use of hydropower resources. [25].

The issues of long-term optimization of HPP regimes in
isolated power systems by means of optimal flow
redistribution between the years of different water level are
covered in [22]. This paper addresses the task of
determining the optimal fully drawn down level for the Norak
HPP reservoir.

The refill regime of the Norak reservoir depends on the
river flow. The reservoir needs to be filled to the normal
operating level (NOL) during the high-water period, and
emptied till the dead volume level (DVL) during the low-
water period. The management of the regime of the
reservoir is a challenging task, as the river flow is stochastic
in nature. Improper flow management can lead to serious
consequences. Errors in the drawdown of water from the
reservoir can lead to non-delivery of the guaranteed power
in case of premature reduction till the DVL, while failure to
draw down the water till DVL will lead to idle discharges, i.e.
energy losses. Errors during water refill can result in failure
to fill the reservoir to the NOL, with the possible
underproduction of the guaranteed power; premature filling
up to the NOL will lead to an increase of idle discharges [3].
To date, the refill/ldrawdown regimes of the Norak HPP
reservoir are defined by the Dispatching control service of
the OJSHC “Barqi Tojik". The schedule of refill/drawdown of
the Norak HPP reservoir is shown in Fig. 3.

Definition of the optimal fully drawn down level of
reservoir allows to designate the DVL mark. The main
provisions and method given below are part of the water
and energy calculations of HPPs with annual regulation
[26]. The main task of the annual regulation reservoir is to
increase the amount of energy and capacity of Hydropower
plant during the low-water period of the year by using the
excess water retained in the reservoir during the high-water
period. Thus, there is a need to divide the entire volume of
the annual regulation reservoir into two parts — useful and
dead volumes. For the total volume of a reservoir, it is
necessary to divide it into the above two volumes, i.e. to
solve the problem of determining the fully drawn down level
of the reservoir hop, and to set the DVL mark. When solving
this task, we assume that the NOL of the reservoir is
already known, and that the reservoir can be filled anytime
during a high-water period. The part of the total reservoir
volume that lies between the fully drawn down level and the
NOL mark represents the useful volume of the reservoir Vs
(Fig. 4). The volume curves (Fig. 4) show that the volume of
the Norak HPP reservoir has changed over the time of its

operation. On the basis of bathymetric surveys of 1989,
1994, 2001 and 2009, the volume losses of the Norak HPP
reservoir were calculated. As of 2009, the total volume of
the Norak HPP reservoir has decreased by 10.5 billion m3
as compared to the planned volume, and amounted to 7.37
billion m® [21, 23].
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Fig.4. Volume curves of the Norak HPP reservoir

Below is the calculation of the optimal fully drawn down
level of the Norak HPP reservoir based on the method
suggested in [27]. The task is to find the fully drawn down
level of the reservoir that will provide for the maximum
energy effect of the hydropower plant. When the reservoir is
drawn down below the DVL, the electricity generation
increases by AW.

The criterion for completing the calculation, i.e.
determining the optimal hy, m, is as follows: if

h h .
WiBp > Wpp™" . then hopi is the optimal fully drawn

down level and the calculation ends.

However, according to calculations, we can find that
with an increase in the fully drawn down level hop, Wies
increases more than the decrease of W, It can be found
that the curve of the total HPP output Enppr does not bend
even when the water is drawn down 23m below the planned
DVL mark, i.e. the condition WS"F?;;) >W:‘§<F',*” is not met
(Fig. 5).

Thus, it can be found that the generally accepted
method for determining the optimal fully drawn down level
of the reservoir [27] is not relevant for the Norak HPP
reservoir. This method is applicable for the calculation of
the optimal fully drawn down level of low- and medium-
pressure HPP reservoirs, for which, as we have already
indicated above, the pressure reduction is decisive. For
high-pressure Hydropower plants, such as Norak, Sayano-
Shushenskaya and other, the rule of changes in output
depending on the fully drawn down level of the reservoir,
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shown in Fig. 5, does not apply. In [26], a different method
was proposed for determining the optimal fully drawn down
level of the Norak HPP reservoir by searching for a
compromise solution, taking into account additional
restrictions on the hydrology and technical characteristics of
the dam. Taking into account the two above limitations, it is
possible to determine the fully drawn down level of the
reservoir at which the greatest energy effect can be
obtained at the Hydropower plant. The power generation
increases by AW for each (-1) meter of water draw down
below the DVL. Additional Norak HPP electricity generation
at draw down below the DVL is shown in Fig. 6.
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The specific features of the hydraulic facilities of the
Norak HPP are also taken into account. Pressure water
conduits of the Norak HPP have the following specific
features: the water is supplied to the HPP turbines of the
Hydropower station from three water intakes; each of the
three units is powered by a single supply pressure tunnel
with a diameter of 10 m. The upper elevation of the
pressure tunnel is 842 m above sea level, i.e. 15 m below
the DVL (857 m) [26]. It can be said that the design of the
hydraulic facilities provides for the drawdown of the
reservoir below the planned DVL mark; and the difference
between the maximum fully drawn down level and the
planned DVL should not exceed 15m.

It is absolutely required to check the solution for the
possibility of refill of the reservoir up to the NOL. It is
necessary to calculate the drawdown energy and the refill
energy of the reservoir. In case the refill energy exceeds the
drawdown energy, the reservoir can be filled up to the NOL.

DVL-h,
(1) Wop ™ <Weesy

The calculations prove that even when the reservoir is
emptied up to the level of 7 m below the planned DVL mark,
the refill energy is greater than the drawdown energy. The

drawdown of the Norak HPP reservoir is 7 m below the
planned DVL mark, and the reservoir does get refilled up to
the NOL during the high-water period. For the entire period
of operation of the reservoir

(2) WVt "™ =2027,131-10° KWh <Wiegy =2101,73-10° kWh

The calculations show that when the Norak HPP
reservoir is emptied to the level of 7 m below the planned
DVL mark, the reservoir is filled to the NOL during the high-
water period.

If we limit the drawdown of the reservoir to the level of 7
m below the planned DVL mark, and on condition the
abovementioned restrictions are met, we can get an
additional electricity generation of 178 million kWh, which
will make for a 7% reduction of the winter energy deficit,
and reduce the amount of idle discharges during the high-
water period.

Conclusions

The major part (94%) of electricity in Tajikistan is
generated by Hydropower plants of the Vakhsh cascade.
Out of five HPPs in the cascade, only the Norak HPP has
seasonally regulated reservoir, generating about 60% of the
country's electricity. All other HPPs are located downstream
the Norak HPP and have daily regulated reservoirs.

It is possible to obtain additional electricity generation by
drawing down the Norak HPP reservoir to a level below the
planned DVL mark, with observance of all relevant
restrictions. According to the compromise solution search
results, lowering the water level in Norak HPP water
reservoir by 7 m below the DVL will provide for an up to 7%
cut in the power deficit.

Currently, the Norak HPP is operated in a mode where
about 4.2 cubic kilometers of water accumulates in the
reservoir in summer, and then this water is used to
generate electricity in winter. Thus, the water level in the
reservoir of the Norak HPP rises and falls by 50 meters
during the year. In the presence of the Rogun HPP, the
water level in the reservoir of the Norak HPP can be
maintained at a constant level, while the reservoir of the
Rogun HPP will be used to regulate the flow, the difference
in the water level in it will vary up to 30 meters. This will
make it possible to establish a permanent seasonal flow
regime for the Norak HPP. The directions of further
research will be connected with this.
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