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Abstract The aim of the study is to assess hydrokinetic energy resources of small and medium-size rivers in
Lithuania. The estimation of technical resources was carried out for river segments, where for average long-
term runoff the flow velocity exceeded 0.4 m/s, and the average depth was more than 0.5 m.

The results of hydrological studies were used to calculate the average flow rate and the relationship between
flow velocity and river depth. The width and depth of the river channel was estimated in accordance with
physical and geographical factors.

Part of the favourable for use sites of rivers located within protected areas cannot be used for energy production
because of the priority of environmental protection. Navigation, recreation and other factors also limit the use
of streams for energy production. In addition, in winter due to ice phenomena, hydrokinetic devices in small
and medium rivers should be protected from mechanical obstacles. Moreover, Lithuania is a flat country and
available hydrokinetic resources of such plain rivers are very small. Their estimated capacity comprises 13.6

MW, and they can generate 79.4 GWh of electric energy per year.
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INTRODUCTION

An increasing demand for energy and climate
change issues forces to look for new environmen-
tally sound energy sources. River hydrokinetic re-
sources are considered as promising renewable en-
ergy source, since it does not require building new
dams and creating artificial water head (Khan et al.
2008). The possibilities to use these resources are at
the same time problematic and limited because of
existence of the economic and environmental fac-
tors (Koko et al. 2015; Lago et al. 2010; Zdankus et
al. 2014). The primary criteria that describe the river
suitability are sufficient flow velocity and depth. The
necessary minimal values of these elements in differ-
ent literature sources differ significantly although it is
recommended that flow velocity be greater than 0.5
m/s, and flow depth — at least 0.5-0.75 m (Gorban et
al. 2001; Alaska Energy 2009; Briand, Ng 2010).

Even if the mentioned criteria are met, there are
plenty other issues that need to be addressed. Ex-
traction of available river flow energy can be ac-
complished only after evaluating all possible envi-
ronmental concerns related to hydrokinetic devices,
including impacts on behaviour of aquatic organisms
and their interaction with turbines, runoff seasonality,
ice formation, river debris, as well as anthropogenic
activities, such as recreation and navigation (Alaska
Energy 2009; Cada et al. 2007; Egre, Milewski 2002;
Hammar et al. 2013; Jacobson et al. 2012; Seitz et al.
2011). In this way, the assessment of a kinetic power
potential of the rivers poses quite a challenging and
ambitious task (Assessment... 2010; Assessment...
2012).

Assessment of hydrokinetic resources of small
and medium-size rivers is particularly relevant and
important in order to evaluate the entire renewable
energy potential. In cases when natural resources
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are sufficient, making the decision of choosing one
in economically reasonable way and in compliance
with environmental regulations is also of great sig-
nificance.

The relatively rich river net in Lithuania is the
outcome of abundant precipitation characteristic for
a humid continental climate, which prevails in the
country. However, gradual river channel slopes allow
installing hydrokinetic devices of only small capac-
1ty.

Most of the mentioned adverse impacts are avoid-
ed using flow hydrokinetic energy. In Lithuania, at-
tention related to such kind of energy has been di-
rected primarily to the large rivers: the Neris and the
Nemunas. The theoretical hydrokinetic resources of
these rivers were evaluated by (Punys et al. 2013a;
Punys et al. 2013b; Punys et al. 2015), but in these
studies, the assessment of conditions for hydrokinetic
turbine installation and exploitation is missing.

The use of conventional potential energy of all
Lithuanian rivers is well studied (Jablonskis et al.
2007); the evaluated total capacity of all these re-
sources is 688.8 MW, and annual production — 6033.9
GWh. Lithuania has Kaunas Hydropower Plant with
an installed capacity of 101 MW and more than 90
small hydro power plants with total capacity of less
than 30 MW. The use of hydropower resources is
limited by the strict environmental requirements (Jab-
lonskis et al. 2007). Installation of dams is unaccept-
able because of significant negative impacts on water
ecosystems, such as fragmenting the continuity of a
river and causing negative effects on biota upstream
and downstream from the impoundment, blocking
movement of fishes and affecting habitat, as well as
physicochemical conditions of streams by convert-
ing lotic habitats to lentic, altering the natural flow
fluctuations, thermal regime, etc. These are priorities
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of the environmental policy acts of the Republic of
Lithuania.

In the previous study (Jakimavicius et al. 2014),
theoretical hydrokinetic resources of small and me-
dium-size Lithuanian rivers were assessed consider-
ing the estimated necessary minimum values of depth
and velocity. In the present study, the research will
be continued in order to single out available hydroki-
netic resources, i.e., the portion of the theoretical re-
sources that could be used for electricity generation
given existing technologies without any constraints.
The paper will also reveal obstacles of using hydroki-
netic devices related to fish migration and spawning
season, environmental protection areas, navigation,
runoff seasonality, hydraulic and hydromorphologi-
cal conditions of selected river segments.

DATA AND METHODOLOGY

Data

Lithuania has about 22 000 rivers and rivulets
with a total length of more than 76 000 km. The av-
erage density of hydrographic network is 1.18 km/
km? (Gailiusis ef al. 2001). Lithuanian rivers vary in
their hydrological regime and river feeding type, and
therefore are divided into three hydrological regions:
Western, Central and South-eastern (Fig. 1). These
regions differ in precipitation (amount and prevailing
types), catchment morphology and in contribution of
the underground feeding. Such individualities deter-
mine the specifics of hydrological regime and have
substantial impact on the river water availability and
hence on river hydrokinetic resources as well.

The authors of this study used those river cross-
sections, where greater than 0.4 m/s average flow
velocities have been observed, and greater than 0.5
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Fig. 1 Location of the studied objects and distribution of river segments with the highest theoretical hydrokinetic energy
capacity. Compiled by D. Jakimavicius
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m average depths have been estimated (Jakimavicius
et al. 2014). The investigated rivers were considered
as small and medium-size, and they comprise the
country’s river network without the largest rivers: the
Nemunas (97 854 km?) and the Neris (24 942 km?).

At the beginning, for the assessment of theoreti-
cal hydrokinetic energy resources, 282 rivers were
selected from all three hydrological regions. After a
primary analysis, when the limiting conditions (the
threshold depth and flow velocity) had been taken
into account, 41 rivers remained (Fig. 1) for further
investigation. The investigation was based on a mas-
sive amount of data published in the Hydrological
Yearbooks of Lithuanian Hydrological and Mete-
orological Service (Hydrometeorological... 1925—
1989; Lithuanian... 1990-2012) and other sources
(Gailiusis et al. 2001).

Assessment of available hydrokinetic resources

An assessment of theoretical hydrokinetic re-
sources was accomplished, when a discharge in a
river segment is of 95% probability, flow velocity is
greater than 0.4 m/s and flow depth exceeds 0.5 m
(Jakimavicius et al. 2014). The river segment tech-
nical capacity P, (W) obtained from a hydrokinetic
device was calculated using equation:

(D,

where 7 is device power coefficient (an average value
of 0.3 was used (Lalander 2010), p is fluid density,
kg/m’, v — velocity, m/s, A4 — device swept area, m’,
N —number of devices.

The hydrokinetic capacity of a given river seg-
ment depends on the number of devices (V) that can
be deployed and be used for energy production. This
number is acquired assuming in-row spacing of 2D
(device diameters) between devices and /0D between
separate rows. Since turbines cannot be placed in the
whole cross-section width due to smaller depths in
littoral and interaction between separate turbines, the
number of turbines in a given river segment of length
L (m) will be equal to
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where B is a part of the river channel width, where
depth is greater than the turbine diameter, m, 4 —
depth equal to turbine diameter, m.

Duration of favourable to energy production flow
regime was assessed using flow duration curves that
were created applying hydrological methods (Vogel,
Fennessey 1994).The next stage of this assessment
was exclusion of river segments located in protect-
ed areas and coinciding with navigable waterways,
where anthropogenic activities were limited. The

protected areas included strict nature reserves, na-
tional parks, and sites important for bird and habitat
conservation.

Hydromorphological conditions

Hydromorphological dependencies enabled calcu-
lating characteristics of river channel geometry (aver-
age depth) and hydraulics (flow velocity). Plain rivers
flow through the rocks of sedimentary origin. There-
fore, discharge, slope and resistance to flow are the
major influential factors that determine river cross-
section shape and flow velocity. In order to solve
practical tasks, hydromorphological relationships
summarizing information of large territories (Rybkin
1947; Leopold, Maddock 1953) and combining the
main flow parameters with their forming factors have
been proposed. Such relationships were created for
Lithuanian small and medium-size rivers using 1540
discharge measurements of 86 rivers:

h=0. 29@"‘4515"39]‘"'2
b= 8@0.30 J0.08 0.2
v=0.43Q" k"3

where 4 — average riverbed depth, m, b — average riv-
erbed width, m, v — average flow velocity in cross-

section, m/s, QO — average annual discharge, m’/s,
o)

coefficient, O — discharge.

Average annual discharge O of ungauged rivers
was estimated by multiplying value of specific dis-
charge (I/s-km?) (from isoline map of annual runoff
distribution (Gailiusis ef al. 2001)) by the catchment
area. The slope of river segment was defined using
topographic map of scale 1:25 000 according to indi-
cated (summer) water levels on channels.

3),

I — riverbed slope, discharge modular

RESULTS

Assessment of hydrokinetic resource indices of
ungauged rivers

Hydrokinetic energy resources of a cross-section
were calculated according to average depth, average
velocity and duration of time favourable for operation
of kinetic devices. These characteristics of ungauged
rivers were evaluated with the help of regional de-
pendencies, using hydrological methods, available
measured and observed data (Assessment... 2010).
Climate, size of river catchment area, lakes, forests
and other physical geographical indices determined
particular conditions for river energy extraction.

Small and medium-size plain rivers are character-
ized by low flow velocity; whereas the cut-in speed of
some hydrokinetic turbines is 0.5 m/s (Vermaak et al.
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2014; Yuce, Muratoglu 2015). Therefore, duration of
average velocities in the river cross-section per year
indicates opportunities of the river to generate hy-
drokinetic energy. Existing relationship between flow
discharge and velocity (Fig. 2) enables to calculate
the duration of flow regime favourable to hydroener-
gy production according to flow duration curve. The
analysis revealed that in distinct rivers, this ratio is
very strong (Fig. 2). In hydrological region of West-
ern Lithuania, the correlation coefficient between
discharge and flow velocity varied from 0.80 to 0.98
(0.90 in average), in hydrological region of Central
Lithuania — from 0.74 to 0.96 (0.89 in average) and
in hydrological region of South-eastern Lithuania it
ranged from 0.83 to 0.99 (0.94 in average). The es-
timated relationships in different water measurement
stations will allow defining the average flow veloci-
ties for the ungauged rivers. The relationship between
discharge and flow velocity was estimated using data
of 30 water measurement stations (WMS) (in 16 riv-
ers).

According to relation between discharge and aver-
age flow velocity, curve of flow velocity duration can
be created. The character of this curve depends on the
same physical geographical factors, which describe
the curve of discharge duration and value of its main
parameter — coefficient of natural flow regulation
¢ (sometimes called a base flow index). Performed

investigations (Gailiusis et al. 2001) reveal that the
degree of natural regulation of river runoff is well re-
flected by coefficient ¢:

= (' tdk
(p_,[()t ] (4)a

where ¢ is the duration (days) of discharge, modular

i

coefficient of which equals k =

The typical curves of discharge (expressed by
modular coefficient k) and velocity durations are de-
scribed in Fig. 3.

Observations reveal that rivers have long flow du-
ration periods (200250 days) with higher than 0.5
m/s velocities in Western Lithuania, where slopes
are large (Table 1), and the amount of precipitation
is large (up to 800—-1000 mm per year). Whereas in
Central Lithuania, rivers that flow on plains and get
a small amount of precipitation (500-600 mm per
year) are distinguished by 100-200 days long period
per year, when their flow velocities exceed 0.5 m/s.
In South-eastern Lithuania, river runoff is especially
uniform because of the impact of runoff regulation
factors (the prevailing subsurface feeding, permeable
sandy soils); here, the periods of proper flow veloci-
ties, lasting longer than 200 days or, in some rivers,
all the year, are observed.

Cartoschemes and recommendations for estima-
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Fig. 2 The relationship between discharge and flow velocity: a) in the Merkys at Puvo¢iai WMS, b) in the Zeimena at

Pabradé WMS. Compiled by D. Jakimavicius
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Fig. 3 Typical curves of discharge (a) and flow velocity (b) duration. Compiled by A. Jurgelénaité
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tion of runoff regulation coefficient for ungauged
Lithuanian rivers have already been prepared. It was
established that water abundance of the year does not
have impact on the value of this coefficient (Gailiusis
et al. 2001). The same physical geographical factors
determine the duration of river runoff and runoff reg-
ulation coefficient ¢ and can be used for evaluation
of hydrokinetic energy resources for Lithuanian small
and medium-size rivers (Fig. 4).
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Fig. 4 Interdependence between duration of river runoff,
when flow velocity exceeds 0.5 m/s, and runoff regulation
coefficient of the studied Lithuanian rivers. Compiled by
D. Sarauskiené

In case of small and shallow rivers, hydrokinetic
turbines can be installed only in deep part of the river
channel cross-section (i.e. in sufficient depth), where
maximum flow velocities are observed. In assessing
hydrokinetic resources, the shape of river cross-sec-
tion is of great importance because it determines the
potential number of turbines. Whereas cross-section
portion of small depth and velocity is worthless in
respect of energy generation. Theoretically, if “V”
shape channel form is accepted, the average depth
accounts for half (0.5) of maximum depth value; in
case of rectangular form, this ratio is 1, and then the
total width of cross-section can be used for turbine
deployment.

A very strong relationship was identified between
the maximum and average values of river depth: for
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Fig. 5 The relationship between average and maximum
depth of the studied Lithuanian rivers. Compiled by D.
Sarauskiené

example, in the Minija at Kartena WMS, this rela-
tionship is as high as 0.99. In different hydrological
regions, it ranges very similarly: in Western Lithua-
nia, it varies from 0.94 to 0.99, in Central Lithuania —
0.93-0.99 and in South-eastern Lithuania — 0.95-0.99.
Based on the analysis of cross-sections of the studied
Lithuanian rivers (Fig. 5), a generalized ratio between
average and maximum depth was accepted as 0.70.
This means that in 70% of the cross-section width,
the river depth equals or exceeds the average value.

Assessment of available hydrokinetic resources of
small and medium-size rivers

In order to implement environmental objectives,
which are of great priority in the society, certain re-
strictions for technogenic use of natural resources are
applied. There are two types of limitations: with re-
spect to territory and time. Environmental restrictions
prohibit installation of the equipment in territories,
where priority is given to conservation of biota spe-
cies and productivity. In Lithuania, such activities are
prohibited in Natura 2000 territories, strict nature re-
serves and ichthyologic reserves.

In previous study (Jakimavicius et al. 2014) the
estimated 328 river segments (about 2000 km in total)
were identified as having a theoretical/technical hy-
drokinetic potential (they can be used when discharge
is of 95% probability, flow velocity is greater than 0.4
m/s and flow depth exceeds 0.5 m). Natura 2000 sites
(Special Areas of Conservation (SACs) and Special
Protection Areas (SPAs)) reduce the number of suit-
able river segments (Fig. 6 a) to 139: the capacity of
46 segments is greater than 0.1 MW, and the capacity
of 93 is less than 0.1 MW (Fig. 6 b).

Important temporal restrictions are related to fish
migrations and spawning season as well as bird breed-
ing time. Since no hydrokinetic devices are intended
to be installed in the protected areas, the mentioned
restraints are not relevant.

Turbines are constructed from steel and must be
immersed while operating. However, if a river dis-
charge changes, turbine can emerge from water, and
then such visual impact is regarded as visual pollu-
tion. River valley is part of a natural frame, and a
river flow is a valley axis, where steel structure can-
not be accepted as a natural landscape element.

Navigation activity is one more restriction that
limits the use of hydrokinetic devices in some river
segments. Hydrokinetic turbines cannot be installed
in navigable waterways, since they impede boat traf-
fic. However, only few Lithuanian rivers are used for
water transport.

The exploitation of small and medium-size river hy-
drokinetic energy in a climate zone with ice phenom-
ena is restricted by potential damage to turbines. Small
depth and greater flow velocity are the main factors,
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Fig. 6 Total technical hydrokinetic resources (a) and available hydrokinetic resources (after exclusion of river segments,
located in Natura 2000 sites) (b). Compiled by D. Jakimavicius

Table 1 The summary of hydrokinetic energy resources in different hydrological regions

River channel | Specific dis- | Total length | Capacity of | Total | Capacity |Available
Hydrological region | slope (m/km) | charge (I/s-km?) | of useful seg- | segments | capacity | of turbines | capacity
min | max | min max ments (km) | (kW/km) | (MW) MW) MW)
Western Lithuania 0.85 | 2.96 6 14 733.8 40.8 29.9 13.2 5.1
Central Lithuania 0.35 | 0.94 5 6 643.0 38.2 24.6 9.4 4.5
South-eastern Lithua- | 1 o | 582 | 7 | 10 609.9 453 | 276 | 133 4.0

because of which turbines are installed in the upper
flow layer, i.e. near the top of the water column, and
do not remain in river during winter. In Lithuanian cli-
mate conditions, rivers normally begin to freeze in the
third decade of November. In small rivers, ice breakup
usually occurs and clears in the middle of March. The
average duration of ice phenomena is 120 days. There-
fore, hydrokinetic energy of studied rivers cannot be
used at least for one-third of a year.

Table 1 summarises the overall results of this
study. The performed analysis indicated that the
greatest hydrokinetic potential is characteristic for
the rivers of South-eastern Lithuania; however, a to-
tal length of potentially useful river segments is the
smallest in this region. The least potential to be used
for energy production have the plain rivers from Cen-
tral Lithuania. The greatest amount of hydrokinetic
resources that can be used technically considering all
described restrictions is located in river segments of
Western Lithuania.

DISCUSSION

The previous study (Jakimavicius et al. 2014) was
dedicated to the assessment of theoretical hydroki-
netic resources of small and medium-size Lithuanian
rivers. In the current study, the authors continued the
investigation and made an attempt to evaluate practi-
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cal constraints related to opportunities of using the
selected potentially exploitable river segments. That
is an assessment of free water flow (hydrokinetic)
energy by singling out certain river segments with the
greatest density of kinetic energy in the river cross-
section. Hydrokinetic energy capacity of Lithuanian
small and medium-size rivers (in 328 segments,
where the average flow velocity is greater than 0.4 m/s
and the average depth exceeds 0.5 m) comprises
82.1 MW, whereas only 35.9 MW can be captured by
hydrokinetic turbines. Thus, over the year (excluding
4 months with ice cover) 210.7 GWh of energy can
be produced. However, after considering the require-
ments of the protected areas, only in 139 segments of
small and medium-size rivers, hydrokinetic turbines
can be placed. Their capacity would comprise 13.6
MW, and they could generate 79.4 GWh of electric
energy per year. This can cover only about 0.7% of
total electric energy demand in Lithuania.

The methods of river kinetic resources assessment
are at their initial stages (Behrouzi et al. 2016; Khan et
al. 2008; Lalander 2010; Yuce, Muratoglu 2015). The
appropriate method for this assessment is selected de-
pending on the objectives, selected river size and avail-
able river data on runoff, morphometry and hydraulics.
It is acknowledged that in cases of a large amount of
data, river flow modelling gives reliable results (La-
lander 2013). Although in large territories, physical
geographical regionalization and methods of engineer-



ing hydrology are those, which enable the evaluation
of hydrokinetic resources of small and medium-size
rivers, when available data are insufficient.

CONCLUSIONS

The estimated resources of hydrokinetic energy of
Lithuanian small and medium-size rivers (without the
rivers Nemunas and Neris) comprise 82.1 MW. How-
ever, 61% of exploitable segments are located in the
protected areas, where environmental policy acts of
the Republic of Lithuania restrict their employment.
Moreover, the use of hydrokinetic energy of studied
rivers is limited because of ice phenomena, and thus
the energy cannot be generated for about 120 days per
year, i.e., only 67% of total hydrokinetic resources
can be used. The mentioned exclusionary criteria re-
duce capacity of hydrokinetic energy to 13.6 MW and
allow producing only 0.7% of total electric energy
demand for the national economy.

The resources of hydrokinetic energy were esti-
mated assuming that the flow energy can only be used
in river segment areas, where the depth is greater than
turbine diameter (it was assumed that this deployment
area comprises 70% of the river width).

The methods for assessment of hydrokinetic re-
sources were proposed for ungauged small and medi-
um-size rivers. Although the presented investigation
and resource assessment cover national topic, the pa-
per has much broader policy significance, especially
while looking to the future, as more improved, having
smaller cut-in speed and more suitable for small rivers
turbines may be developed. The proposed methods to
use this renewable energy resource can be applied in
other countries of plain terrain as well.
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