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Environmental Aspects and Operation Mode of Small
Hydropower

Josifs Survilo, Riga Technical University

Abstract — The use of renewable sources must be balanced with
environmental aspects. Especially it relates to the use of river
water flow. Environmental requirements are hard to achieve on
large hydropower. Much hydro is built and yet can be built on
small rivers, usually building the dams which create small lakes
and prevent movement of fauna along the river. In places of large
inclination of river channel the dam can be substituted by water
ducts, such as pipes. The flow of water in the pipe meets
resistance to its movement and some part of water pressure is
lost. There is little resistance to movement of water by laminar
flow but this flow exists by small velocities. So it can be counted
on turbulent flow. By a given diameter of pipe the maximum
power can be get when 1/3 of the water pressure is used on water
movement in the pipe. The cost of pipe by a given flow is
proportional to the pipe length multiplied by the root of fifth
degree of the pipe length. Artificial rapids can be made which
reduce pipe length. Such a hydro must be connected to a grid. It
operates in the rhythm of the river.
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1. INTRODUCTION

The fuel shortage and its high prices become everyday
topic. Developed countries not only speak about it but much
do in this direction as well. However we must think not only
about energy but about our surroundings as well. Wind farms
create noise, pose a threat to birds, occupy land. Solar energy
can be best used in arid arias. Geothermal energy is tied to
specific regions of the earth. The same applies to the energy of
water but rivers are more evenly distributed over the globe.

The disadvantage of hydroelectric power is a negative
impact on the environment. This is mainly in the fact that,
firstly, large territory is occupied by reservoirs, which
continuously are filled with silt, secondly, the fauna cannot
move along the river because the river is blocked by dams.
Dams are also a danger to the surrounding area if they are not
reliable [1]. To limit the area of the reservoir, the dam are built
not only across the river but around the perimeter of reservoir
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as well. And here the question of cost should not be on the last
place. But what to do? How to handle without dam? There is
no alternative when the hydro plant must operate only in
certain periods of time without losing energy of water. When
generators are working, the reservoir is emptying, the rest of
the time it is being filled. And we have two features: 1) the
power plant operates at the right time, 2) all the water is used
to produce electricity. If at least one property is not required to
use, we shall try to do without the dam.

Most large rivers in the world are used to generate
electricity. In Latvia, here remained only small rivers and the
lot of them already harnessed. Some rivers flow through the
national park and are not usable the useable way.

So here small hydro plants are to build which is friendly to
the environment. Such a small rivulets as yet are enough and
they can be more conveniently utilized at the east of the
country where a hilly landscape is.

It is hard to determine how much energy can be used of
small rivers from a given territory. Many factors affect the
result. One can undertake construction only by weighing all
the factors with the help of a qualified consultant.

II. THE WAYS OF UTILIZING THE WATER ENERGY

In order to turn a turbine, you need to pile up the water.
This can be done in two ways: with help of the dam or through
the penstock (pipe) (Fig. 1). Some water wheels do not require
piling up water [2]. They draw power P from flowing water
(Fig. 2) but their efficiency is small.

Recall the basic coherences of hydropower.

The pressure p of piled up water (N/m?):

p=rh, (D

where y is specific weight of water (N/m®), 4 is a head of
water (m).
Generated by hydro plant power (W):

dam

=
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Fig. 1. Two versions of water heap up:1) building dam; 2) using tube
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Fig. 2. Streem power utilized by water wheel

P=nAp @, 2

where # is an efficiency factor, 4p, is pressure drop for
generation of electricity (N/m?); @ is rate of water flow
through a turbine (m*/s).

Here you can see an analogy with electrical circuit: 4p.
stands for voltage drop across a load, @ stands for current in
the load. Efficiency factor # describes the losses on the path
from turbine entrance to the generator output. The difference
between dam and pipe is that, when water is piled up in
reservoir, p stands for 4p, in (2), i.e. entire head is used for
electricity production; in case of pipe only part of water head
4p. can be used; the other part of the head 4p, is necessary to
push water through the pipe:

P=42p.+4p,. 3)
If we assign useful factor & to part 4p, of entire pressure p
Ap, =hp, “4)
then
Ap,=(=k)p. (6))

And overall efficiency factor, observing (2) and (4), is:

Noa = K17 - (6)

The pressure used to push water through the pipe, by
analogy with electrical circuit, is:

App :th) > (7)

where R, is resistance to water flow through the pipe
(kg/(m*s).

App; Ry, and @ are analogous to AU; R and [ (voltage drop,
electrical resistance and current respectively).

The power drawn from the water stream by water wheel
(Fig. 2) is [2]:

P=(1/2)x,,dv*, ®)

where v is the speed of water (m/s); x,, is coefficient
including density of water and efficiency of water wheel
(kg/m®). The efficiency of water wheel is low and this version
further is not considered.
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3. PENSTOCK INSTEAD OF DAM

To eliminate the shortcoming of dam, it should be tried to
use the penstock (pipe). The water flowing in the pipe is
subjected to resistance R, against its flow. The water flow in
completely filled pipe can be of two ways: laminar and
turbulent [3]. In larger velocities it is turbulent, in small ones it
is laminar. The Reynolds’s number Re [4] (non-dimensional
quantity) determines what type of flow we have:

vD

Re=—2~, )
1%

where v is speed of water (m/s); D, is internal diameter of a
pipe (m); and v is water kinematic viscosity (m%/s), for water
at 10° C v=1.307-10".

At Re <2300 flow of liquid in pipe is laminar, otherwise it
is turbulent.

Laminar flow
The laminar flow is described by Poisuille’s law [5]:
Ap D)
D= 2Py . (10)
1281l

where u stands for dynamic viscosity (Pa's i.e. N-s/m?), for
water at 10° C u is 1.307-107, L is pipe length (m).
Resistance to laminar water flow, observing (7), is:

128
R, = 'u4L . (11
D,
From (2), observing (4), (5) and (7) generated power (W) is:
200 12
popl kD) (12)
R),
Optimizing generated power, we find that it is maximum by
k=0.5; Ap.~A4p, (13)
and maximum power is:
2
Prax =2 (14)

4R,

It means that, by given flow resistance R;,, maximum power
is generated when half of the water pressure is spent on water
pushing through the pipe and other half — on electricity
generation.

Here we again have analogy with electrical circuit: the
maximum power can be drawn from the emf source when
internal resistance of the source is equal to load resistance [6].

To know what movement of water can be practically
reckoned with, we shall consider the diameter of pipe which is
necessary to push water flow rate @ through in laminar flow.
Water mean velocity at a given flow rate ®@ can be expressed as:

v= 4(1)2 . (15)
D,

Based on (9) and (15) we obtain an expression for the pipe

diameter by which laminar flow still exists:

AD
7~ zvRe

(16)

At flow rate, for example, 1 m*/s the pipe diameter should
be D, > 424 m. This figure excludes laminar flow from
consideration and further only turbulent flow is considered.
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Turbulent flow p =3 8;?0& . (22)
7-(1-k)p

Turbulent flow is described by Darcy — Weisbach [7]
equation:

Lv?
h = , 17
p =1 2D, (17)

where /£, is head loss to push water through pipe; f* is Darcy —
Weisbach friction factor called also Moody friction factor
(non-dimensional quantity); g is free fall acceleration (m/s); v
is average velocity of water flow (m/s).

The Darcy — Weisbach friction factor f can be calculated in
several ways but for actual purpose, it is more convenient to
use Moody Diagram (Fig. 3) [8] which shows factor f* plotted
against Reynolds number Re for various relative internal
roughness &/D, (¢ is roughness of pipe internal surface).

Pipe water head /4, in accordance with (1) is:

(18)

Water specific weight y can be expressed through water
density p:

h,=A0p,/y.

r=rg, 19)

where p is water density (kg/m’), p=1000.
Then, observing (15), water flow rate can be determined so:
D °A D’
O=g |2 Pr _ | _Zr (20)
8/pL 8fpLAp,

and resistance to turbulent water flow is:

2 /SprAp,, 2 fpLv
= s 3
T Dp 7Z'Dp

By turbulent water flow resistance grows with pressure
drop 4p,,. This complicates the matter.

21

If we want to have given water flow in a pipe by some
pressure 4p, than, observing (5), internal pipe diameter should
be:
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Fig. 3. The Moody Diagram

Generated power can be defined based on (2), (4); (5) and
(20):

/D *(1-k)p D, p
P= LB Sy N A P K-k . 23
nrkp 8oL n 8 fpL v (23)

Optimizing, we find that maximum power, using pipe of
diameter D, and sufficient river flow, is by

k=2/3. (24)
Maximum power and optimum water flow are:
K
P =0.4275n,—2+p° ; 25
max 77,/ AL (25)
DS
®,, =0,6413, |22 26)
JpL
The overall efficiency factor according to (6) and (24) is:
Moa =(2/3)17. @7

If maximum power P, is given, the diameter must be:

’ 2
D, =1,4048; % .
2 3
np

But to increase the overall efficiency factor, it is necessary
to increase useful factor k& which entails pipe diameter D,
increase (see (22)).

Pipe diameter is proportional to the root of fifth degree of

(28)

pipe length.

At a given flow rate @ and other input data from (22) we
can find necessary pipe diameter. Friction factor f complicates
the task. It is necessary to know internal roughness ¢ of the
pipe. Pipe diameter can be found in several rounds. Before
calculations, the first more or less suitable value of the friction
factor must be assumed. With each subsequent round the
result is more accurate.

Calculation procedure is explained by following example.
The necessary data for small river and 100 kW hydro are
given: optimum (maximum) power P,, 100 kW; water
density p=1000 kg/m®; pipe length L=30 m; efficiency factor
n=0,8; water head 3 m; pipe made of concrete, internal
roughness ¢=0.3 mm. The first value of friction factor is
assumed /=0.02. By (1) and (19) water pressure p=29430
N/m?; by (28) pipe internal diameter D,=1,15 m; by (26)
optimum flow rate @,,~6.371 m’/s; by (15) water mean
velocity v=6,132 m/s; by (9) Reynolds’s number Re=5.4-10%;
calculated e/Dp=2.61~10'4; from Moody diagram friction factor
1=0.0145. With this value of friction factor we make the
second calculation round an find that D,=1.078 m;
e/Dp=2.78~10’4; Re=5,75-10°%. The data are almost the same as
the first ones and further calculations are unnecessary.

It is tempting idea of design tricks to reduce the resistance
to water movement in the pipe as it does the dolphins to
increase the speed of movement in water.

The water flow in a river is unstable [9]. In small rivers it is
even more volatile. On what flow to calculate the pipe,
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decides the person concerned. In any case, you must reckon
with the fact that sometimes the stream will be maximum and
then to get the maximum power at this flow, formulas (22);
(24) should be used. When water flow decreases the useful
factor k increases. The pipe must be permanently filled with
water and by smaller water flow rate /4, decreases and useful
factor k grows. The pipe flow is maintained so that portion of
river stream goes on its natural course.

Such an operation algorithm involves the use of appropriate
turbine. It would be more economical if the plant would work
with the same turbine efficiency at constant pressure (the pipe
is filled fully all the time) but with varying flow rate.

The longer the pipe the more expensive it is and the greater
the pressure loss. By unchanging pressure loss, pipe diameter
is proportional to the root of fifth degree of pipe length L (see
(22)). It means that the cost of pipe is approximately
proportional to LL.

It is possible to decrease pipe length creating the artificial
rapids on the river throwing in the river channel various heavy
pieces at hand.

By comparison of dam cost and pipe cost taking into
account the generated power at both versions (dam and pipe),
one can see whether it is necessary to compensate
environmental expenses.

It is time to pay attention to the special feature of the use of
pipe. The dam is missing and there is no accumulation of
water. The electricity generation is tied to river flow. And it
means that such a hydro must be connected to a grid and
operation mode is that of generation in the rhythm of the
river.

In return, river isn’t blocked by the dam.

4. CONCLUSIONS

1. Building the small hydro using the pipe instead of dam
satisfies environmental aspects.

2. Theoretically such hydropower using the pipe instead of
dam is possible on other rivers, however practically the
expenses on pipe should be taken into account.

Josifs Survilo. Mazo hidrostaciju vides aspekti un darba reZims

3. Efficiency of pipe hydro is smaller than the dam hydro
since part of water pressure is lost in the pipe.

4. Hydraulic resistance of laminar flow is constant but that
of turbulent flow grows with water flow mean velocity.

5. By turbulent flow generated power does not grow so fast
with pressure of water as it would be by laminar flow.

6. Pipe hydropower must be connected to a grid and its
operation is in the rhythm of river flow.
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Atjaunojamo avotu izmanto3ana jaievéro apkartéjas vides prasibas. Seviski tas attiecas pie spekstaciju biivés uz upém. Udens energija var biit izmantota ar
lielaku lietderibu, kad tas uz turbinu tiek padots zem hidrauliska spiediena, kas parasti tiek panakts ar dambja btvi. Bavgjot lielas hidrostacijas, gandriz nav
iespgjams ievérot vides prasibas. letekme uz apkartgjo vidi notiek divgjadi: 1) upju augspusé pirms dambja tiek veidota liela Gdenskratuve, kas pastavigi
piesarnojas ar diipam; 2) upe ir Sk&rsota ar dambi kas ietekme tidens faunu; pie tam dambja parravuma gadijuma cietis zemak esoSas teritorijas. Mazas up&s no
dambja var atteikties, izmantojot ta vieta cauruli. Ja ir dambis, tad viss Gdens spiediens tiek izmantots elektribas razosanai. Pie caurules izmanto$anas dala no
tdens spiediena ir vajadziga Gidens pliismai caurulé, kas samazina kopgjo lietderibas koeficientu. Laminara Gidens pliisma caurulé nodrosina lielako lietderibu,
pretestiba Gidens pliismai ir mazaka un nav atkariga no plismas atruma caurulé. Pie noteikta caurules iek$gja diametra (turpmak — diametrs) maksimalo jaudu var
iegit kad tGdens spiediena puse tiek izlietota Gdens plismai caurulé un palicko$ais spiediens elektribas generacijai. Bet uz laminaro plismu nevar cerét, jo ta
iestajas pie Joti mazam tdens atrumiem, kad Reinoldsa koeficients mazaks par 2300. Pie turbulentas pliismas caurule izrada lielako pretestibu, kura aug ar
plasmas atruma palielinajumu. Caurules diametrs ir proporcionals piektas pakapes saknei no generétas jaudas kvadrata. Rekinot caurules diametru, ir
nepieciesams ieveérot caurules iek3&jas virsmas raupjumu; to var darit izmantojot Madi diagrammu. Gener&ta jauda ir proporcionala kvadratsaknei no Gdens
spiediena treSaja pakape. Pie uzdota caurules diametra maksimalo jaudu var generét, kad idens plusmas radiSanai ir izmantota 1/3 no Gidens spiediena un pargjais
uz elektribas generé$anu. Maksimala kopgja lietderiba ir 2/3 no tas, kad ir dambis. Turbinai jastrada ar labu lietderibu pie pastaviga spiediena, bet pie mainigas
tdens plsmas. Caurules cena ir proporcionala mazliet vairak neka tas garums. Dabiskas vai maksligas kraces saisina cauruli. Elektribas generéSana ir piesieta
pie upes plismas un spekstacijai jabut pieslégtai pie tikla; tas darba rezims saskan ar upes ritmu.

Hocudc Cypsuio. Pe:kum pa6oTsl MabIX THAPOCTAHIMI B CBeTe COXpPAHEHHUs OKPY:KAIOLIeH cpeabl

Vcrnons3oBanue BO30OHOBIIEMBIX HCTOYHIKOB SHEPTHHU JOJDKHO YUHUTHIBATh TPeOOBAaHUS OKpYKarolel cpebl. OCOOEHHO 3TO OTHOCHUTCS K HCIIONB30BaHHUIO PEK
JUIsL TEHEPHPOBAHHS SIICKTPOIHEPTHH. DHEPrHs BOABI MOXKET ObITh 3((eKTHBHEe HCIONB30BaHA, KOTJAa BOJA IOJaeTcs B TypOuHy moj HamopoM. Ilpu
CTPOUTENBCTBE OOJBLIMX AJIEKTPOCTAHLMH MOYTH HEBO3MOXKHO COOMIOCTH TpeOoBaHHs OKpyxatomen cpensl. Ha manbix 'DC neno obcrout mnaue. Bpen
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OKpYXaloIIei cpeie HAaHOCUTCS BYMsI Iy TsIMU: 1) GoJibIIoe BOZOXpaHWINILE 00pa3yeTcs ¢ BEpXHEH CTOPOHbI JaMObl, KOTOPOE MOCTOSIHHO 3aCOPSIETCST WIIOM; 2)
peka meperopakuBaetcst 1aMOoi, 4TO BO3ACHCTBYET Ha (ayHy PeKH U CyIIECTBYET yrpo3a HIDKEIEKaIleH TEpPUTOPHH B CIydae MpopsiBa aamObl. Ha Mambix
pekax OT JaMOBI MOXKHO OTKa3aThCs, BMECTO HHUX IpuMeHss TpyOy. B oObrmbeix I'DC (c namboil) Bech Hamop BOABI UCIONB3YETCS OIS T€HEPUPOBAHHS
aJIeKTpodHepruu. Tpyoa ke TpedyeT onpeeneHHOro Hanopa Uil IPOTAIKUBAHKS BOJBI B HEf, TEM CaMbIM yMeHbIIasi 0OImuii K. JIaMIHApHEIN ITOTOK BOABI B
TpyOe oOecrieurBaeT OONBIIMK KIIJ, CONMPOTUBICHHE JBMKCHUIO BOJbI MEHBIIEC M HE 3aBUCHUT OT CKOPOCTH BOABL IIpM NaHHOM BHYTPEHHEM JHMaMeTpe B
JanpHeiineM — n1uameTp) TpyOBl MaKCHMalbHasi MOITHOCTh MOJKET OBITH JOCTUTHYTA, KOT/Ia IOJIOBHHA HAIIOpa BOJBI 3aTpaunBaeTCs Ha IBI)KEHHUE BOJBI B TPyOe,
a BTOpas IOJOBUHA Ha TeHepupoBaHue. Ho Ha JlaMHHApHBII IIOTOK HENb3s PACCUUTHIBATh, TaK KaK OH CYIIECTBYET IIPH OYEHb MAaJIBIX CKOPOCTSX BOJBI, KOTIa
koa¢pdunment Peitnonpaca menee 2300. TypOyneHTHOMY MOTOKY TpyOa OKa3blBaeT OOJibliiee CONPPOTUBICHHE, KOTOPOE BO3PACTAET C YBEIHYCHHEM CpEIHEH
CKOpPOCTH BOABI B TpyOe. JlnameTp TpyObl MPOMOPIMOHAICH KOPHIO ISATOH CTENEHH M3 KBajapara MomHoctH. Ilpm pacdere puamerpa TpyObl HEOOXOJUMO
YUYHTHIBATh IEPOXOBATOCTh BHYTPEHHEH MOBEPXHOCTH TPYOBI, IS 3TOr0 MOXKHO HCIIOIb30BaTh JuarpaMmy Mynu. I'eHepupyemast MOITHOCTS IPOIOPIHOHANBHA
KBaJIPaTHOMY KOPHIO M3 Haropa B TpeTheil creneHu. IIpu maHHOM auamerpe TpyObl MaKCHMaiHas F€HEpUpyeMas MOILIHOCTh HACTYIIAeT, KOTAA Ha JIBH)KCHHE
BOJIBI pacxonyercs 1/3 Hamopa, a ocTajJbHOE Ha TeHepupoBaHHe. MakCUMalIbHbIH 00Kl KT paBeH 2/3 OT K JeKTpocTaHuuu ¢ gamboi. TypOuna noinkHa
paboTaTh ¢ XOPOIIHMM KIIT IPH NOCTOSHHOM JaBIICHHH BOABL, HO IPU IepeMEHHOM HoToke. LleHna TpyOb! mpomopuuoHansHa HeMHOTO Ooiee, ueM ee anune. [Ipu
€CTECTBEHHBIX M MCKYCTBEHHBIX ITOpPOrax Ha peke JUIMHa TpyObl yMeHIIaeTcs. I eHepupoBaHUe JJIEKTPUUECTBA CBSI3aHO C KOJMYECTBOM BOJBI B PEKe, CTAHIHS
JI0JDKHA OBITh IPUCOEMHEHA K CETH, a PEXKUM PabOThI — 3TO FeHEPALUs B PUTME PEKH.
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