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SOUHRN

Velkd cast svétové populace nemd pfistup ke kvalitnim vodnim zdrojim
v dostate¢ném mnozstvi. Proto se v poslednich letech rozviji metody pro kom-
plexni hodnocen{ uzivani vod. Jednou z nich je i vodni stopa, kterd umoznuje
vyjadfit celkové mnozstvi vody spotfebované na produkci néjakého vyrobku
nebo sluzby. V soucasnosti se pouzivaji tfi pfistupy ke stanoveni potieb vody na
produkci elektrické energie ve vodnich elektrarnach. V této studii jsou pouzity
jednotlivé pfistupy (hrubd spotfeba, Cista spotfeba, Cistd bilance) pro stanoven(
vodni stopy ve vodni elektrarné a shrnuty zavéry z jejich pouziti.

Vodni stopa byla spocitdna v mési¢nim kroku vsemi tfemi pfistupy pro pro-
vozni fazi vyroby elektrické energie v nejvétsi ceské vodni elektrarné Orlik. Faze
vystavby vodni nadrze a vodni elektrarny byla stanovena orientac¢né s vyuzitim
udajl prevzatych z literatury. Faze likvidace vodni elektrarny nebyla uvazovéana.
Alokace uzivani na jednotlivé sluzby, které poskytuje vodni nddrz, nebyla uva-
Zovana. Metoda ,hrubé spotfeby” uvazuje pouze se ztradtami vyparem. Metoda
,Cisté spotfeby” je zaloZzena na pfedpokladu, ze i pfed vybudovanim prehrady
probihal z daného Uzemf vypar, takZe skutecné ztraty jsou vyjadfeny jako roz-
dil mezi vyparem z nadrze a teoretickym vyparem z Uzemi pfed vystavbou.
Metoda ,cisté bilance” pfistupuje k nadrzi jako k systému a predpoklada, ze
ztraty vyparem z nddrze jsou redukovany srdzkami, které dopadnou na hladinu
nadrze. Stanovend modré vodni stopa provozni faze byla prepoctena na LCA
vodni stopy podle CSN 1SO 14046 pomoci regionalizovanych charakteriza¢nich
modell fwua a AWARE.

Vodni stopa provozni faze stanovena pfistupem ,hrubé spotieby” ma
jasny sezonni charakter a dosahuje hodnot pfesahujicich v letnim obdobf
i 200 m*MWh'. Metoda ,Cisté spotfeby” vyrazné snizuje hodnoty vodnf stopy
v porovnani s metodou ,hrubé spotreby” a to az do zdpornych hodnot. To
je podminéno zejména zplsobem vypoctu vyparu z Uzemi pred vystavbou
vodni nadrze. Vodni stopa stanovena metodou ,Cisté bilance” se pohybuje
kolem nulovych hodnot, protoZe vypar z vodni nddrze je prakticky vyrovnan
srézkami. Hodnota vodni stopy faze vystavby vodni nadrze i pfi uvazované
Zivotnosti 100 let vychdazi orientacné na drovni od 0,26 do 3,09 m*MWh.

Jednotlivé metody davaji velmirozdilné vysledky. Pouziti metody ,Cisté spo-
tfeby” nardzi na metodické problémy. Fazi vystavby vodni nadrze v pfipadé
metody ,Cisté bilance” i metody ,Cisté spotfeby” nelze zanedbat. Pfepocet
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SUMMARY

A large part of the world’s population does not have access to quality water
resources in sufficient quantities. Therefore, comprehensive methods for
assessing water use have been developed in recent years. One is the water
footprint, which allows expression of the total amount of water consumed to
produce a product or service. Three approaches are currently being used to
determine the water needs for hydroelectric power generation. This paper
compares three different approaches (gross consumption, net consumption,
and net balance) for calculation of the blue water footprint of Orlik HPS.

The blue water footprint of Orlik HPS was calculated. Three different approaches
were used for the calculation of water use. The water footprint in the building
stage of the reservoir was calculated approximately with data from the literature.
The stage of the HPS decommissioning was neglected. Allocation of water use for
different services produced by the reservoir was neglected too. The “gross con-
sumption” approach only contains losses by evaporation. The “net consumption”
approach is calculated such as the evapotranspiration prior to the establishment
of the reservoir is subtracted from the evaporation from the reservoir surface. The
“net balance” approach regards the reservoir as a system and sees evaporation as
an output from the system and rainfall as an input. The LCA water scarcity footprint
of the operational stage according to ISO 14046 was calculated from the blue water
footprint by multiplying by the regionalized characterization factor. Two characteri-
zation models were used. The First was fwua model, the second was AWARE model.

The blue water footprint of the produce stage of the HPS life cycle calculated
by the “gross consumption” approach has typical seasonal peaksin summer. The
blue water footprint calculated by this approach overreached 200 m*>*MWhin
summer. The “net consumption” approach importantly reduced the blue water
footprint in comparison with the “gross consumption” approach, and in some
parts of year this approach produces negative values for the blue water foot-
print. The values of the blue water footprint in this methods are determined by
the calculation of evapotranspiration from the area before the reservoir were
built. The “net balance” approach produces water footprint values around zero;
this is because precipitation is at a similar level to evaporation from the reser-
voir. The approximate value of the blue water footprint of the reservoir build-
ing stage cannot be neglected when the “net consumption”and “net balance”
approaches are applied for water footprint calculation.



modré vodni stopy na LCA vodni stopu nedostatku vody pomoci regionalizova-
nych hodnot charakteriza¢nich faktord snizil pomér mezi maximalnimi a mini-
malnimi hodnotami vodni stopy. Jen v pfipadé charakteriza¢niho modelu fwua
a pourziti pfistupu ke stanoven{ uzivani vody pomoci metody ,cCisté bilance”
tyto pomery zvysil.

UvoD

Elektrickd energie vyrobena ve vodnich elektrdrndch je obecné povazovéna
za Cistou, obnovitelnou energii. Pfesto nenf tato vyroba zcela bez spotreby pfi-
rodnich zdrojd, resp. vody, a bez dopadu na Zivotni prostfedf. Vyroba elektrické
energie ve vodnich elektrarndch je pfimo zavisld na lokaIni dostupnosti vod-
nich zdrojl [1]. Spotfeba vody a dalsich pfirodnich zdrojd potfebné na vyrobu
elektrické energie ve vodni elektrdrné je spojena se tremi fazemi Zivotniho
cyklu vodnf elektramy:

Vystavba vodni elektrdrny — jednd se o spotfebu zdroj(, jeZ jsou potfeba pro
vyrobu surovin nutnych pro vystavbu vodni elektrarny a viech souvisejicich
provoz(, jako je vodni nadrz, distribu¢ni soustava apod. Obvykle se predpo-
klada, ze spotieba pfirodnich zdroji a vody ve fazi vystavby vodni nddrze
a vodni elektrarny je v celém Zivotnim cyklu zanedbatelnd [2]. Tento pfedpo-
klad Ize povazovat za platny zejména u velkych hydroenergetickych projekt(
s dlouhou dobou Zivotnosti a velkou produkci elektrické energie. U mensich
projektl a i v nékterych pripadech u vétsich projektl nelze tuto fazi zivotniho
cyklu elektrarny zanedbat [3].

Provoz vodni elektrdrny — v pribéhu provozu se ve vodni elektrdrné prak-
ticky zadna voda ani pfirodni zdroje pfimo nespotrebovavaji. Nepfimou spo-
tfebu pfedstavuje voda odpafend z vodni plochy nadrze ¢i jezové zdrze
elektrarny [4]. V pfipadé posuzovéni dopadl spojenych s uzivanim vody
u deriva¢ni hydroelektrarny nebo u vodnich elektrdren s prevody vody je
tfeba téz zvézit rozdilné dopady v misté odbéru a vypousténi. Ackoliv se
v souvislosti s popularizaci vodnf{ stopy v uplynulych letech soustfedf pozor-
nost zejména na ztraty vody vyparem, je vyroba elektrické energie ve vod-
nich elektrarndch spojena se ztrdtami vody prisakem a dopady na ekosys-
témy v souvislosti se zménami charakteru ficniho toku a omezenf migracni
prichodnosti [5].

Likvidace vodni elektrdrny — obdobné jako v pfipadé vystavby vodni elek-
trérny se jednd o vodu a jiné pfirodni zdroje spotfebované pfilikvidaci vodniho
dila a samotné vodni elektrarny. Zatimco vsak potfebou vody na fazi vystavby
vodni elektrarny se jiz zabyvalo nékolik autord, tak faze likvidace dosud nebyla
uvazovana v zadné znamé studii.

Pro hodnoceni neptimého uzivani vody pro vyrobu elektrické energie ve
vodnich elektrdrndch se pouziva tzv. bilan¢ni (v angli¢tiné oznacované jako
,volumetric”) vodni stopa [6]. Pro posuzovani dopadd spojenych s produkcf
elektrické energie je pak vhodnéjsi vyuziti posuzovani Zivotniho cyklu (LCA)
a na této metodologii zalozena LCA vodni stopa [7].

Bilan¢ni vodni stopa se sklada ze tfi slozek: modré vodni stopy (voda spo-
tfebovana z vodnich zdrojt), zelené vodni stopy (obvykle destové srazky
a voda v pldeé) a Sedé vodni stopy (voda potfebnd k nafedeénf znecisténf
na neskodnou Uroven). Zelend vodni stopa je pfi vyrobé elektrické energie
ve vodnich elektrarndch nulova. Seda vodni stopa je spojena s pifpadnym
znecisténim, které je ale v pfipadé produkeni faze vyroby elektrické energie
ve vodnich elektrdrndch prakticky zanedbatelné. V pfipadé vystavby a likvi-
dace vodni elektrarny tomu tak nenf, ale tyto faze jsou v existujicich studi-
ich obvykle zanedbény. Veskeré uzivani vody je tak pfifazeno k modré vodni
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Each method of water use calculation produces different blue water values.
The “gross consumption” approach has methodical problems and it seems inap-
propriate for the water footprint of product calculation. The water footprint of
the reservoir building stage cannot be neglected when the “net consumption”
and “net balance” approaches are used for water footprint calculation of the
produce stage. Application of the regionalized characterization factor in the
water scarcity footprint only decreases the ratio between minimum and maxi-
mum values in the blue water footprint. Only the fwua characterisation factor in
combination with the “net balance” approach decreases this ratio.

INTRODUCTION

Electricity generated by hydroelectric power stations (HPS) is generally con-
sidered to be clean renewable energy. Yet this production is not entirely inde-
pendent of consumption of natural resources/water; it also cannot be consid-
ered to lack any environmental impact. Electricity generation in HPS is directly
dependent on local availability of water resources [1]. Consumption of water
and other natural resources needed to generate electricity at an HPS is linked
to three stages of the life cycle of the facility:

Construction stage — this involves consumption of resources needed to pro-
duce the raw materials necessary for the construction of the station and all
related operations, such as a reservoir and distribution grid. Normally, it is
assumed that consumption of natural resources and water during the con-
struction stage of the reservoir and the HPS is negligible throughout its life
cycle [2]. This assumption can be considered valid in particular for large, long-
life hydropower projects with extensive electricity generation. However, for
smaller projects and in some other cases as well, this power station life cycle
stage cannot be ignored [3].

Operation of the station — during the operation stage, no water/natural
resources are consumed directly at the hydroelectric power station. Indirect
consumption involves water evaporated from the water surface of the reser-
voir or weir pool of the power station [4]. When assessing a water use related
impact for a derivative type of HPS or HPS with water transfers, differences
should also be considered in this regard between the point of abstraction
and the point of discharge. Although, in the context of the popularization of
water footprint in recent years, the focus has been mainly on the loss of water
through evaporation, power generation in an HPS is associated with the loss
of water through seepage and the impact on ecosystems due to changes in
the nature of river flow and restrictions in migration passability [5].

Decommissioning of the station — like the construction stage, this involves
consumption of water and other natural resources as part of the decommis-
sioning of the hydraulic structure and the HPS as such. However, while sev-
eral authors have already addressed water consumption at the construction
stage of an HPS, the decommissioning stage has not yet been considered in
any known study.

To assess indirect water use for generating electricity in an HPS, “volu-
metric water footprint” is the established terminology [6]. When assessing
impacts linked to electricity generation, the use of life-cycle assessment
(LCA) and LCA water footprint based on the methodology is a more appro-
priate approach [7].

Volumetric water footprint consists of three components: blue water foot-
print — water consumed from water sources; green water footprint — usually
rainfall and water in the soil; and grey water footprint, i.e, water needed to
dilute pollution to a harmless level. The grey water footprint is zero in the elec-
tricity generation process in an HPS. Grey water footprint is associated with
potential pollution which is, however, almost negligible in the case of the pro-
duction stage in an HPS. This is not the case of the construction and decom-
missioning stages; these two are, however, usually ignored in existing studies.
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stopé. Obecné jsou rozlisovany tfi pfistupy ke stanoveni uzivani vody, resp.
ztrat vody, pfi vyrobé elektrické energie ve vodni elektrérné [8] ve fazi pro-
vozu vodni elektrarny:

Thus, all water use is allocated to the blue water footprint. In general, there are
three approaches to determining the use/loss of water in electricity generation
at an HPS [8] in the operation stage:

1. hrubd spotfeba - vyjadrena jako ztraty vody vyparem z hladiny vodni nadrze,

2. (dista spotfeba — vyjadfena jako rozdil mezi vyparem z vodni hladiny
a evapotranspiraci z povrchu pred vybudovanim vodni nadrze,

3. Cistd vodni bilance - vyjadrena jako rozdil mezi vyparem
zvodni hladiny a srazkami, které dopadnou na hladinu.

Pro vyjadreni dopadl spojenych s uzivanim vody, tj. v LCA vodni stopé, se
mnozstvi uzivané vody vynasobi charakteriza¢nim faktorem podle zvoleného
charakteriza¢niho modelu.

Cilem této studie je: (i) otestovani rlznych pfistupl ke stanoveni vodni
stopy vyroby elektrické energie ve vodnich elektrarnach, (i) srovnani jejich
vysledkl na pfikladu nejvétsi ceské vodni elektrarny Orlik, (iii) diskuse jejich
klad@ a zapord a (iv) definovédni moznych omezeni soucasnych pristup ke sta-
noveni vodnf stopy.

DATA A METODY

Pilotni studie — vodni elektrarna Orlik

Vodni n&drz Orlik lezf na fece VItavé v Jihoceském kraji na fi¢nim km 144,650.
Jedna se o nejvétsi vodni dilo v Ceské republice s délkou zatopy 68 km a obje-
mem zasobniho prostoru 716,5 mil. m*. Zatopend plocha nddrze se pohy-
buje v rozmezi 1 172,0 az 2 4682 ha, pfi maximalnim nadrzeni pak 2 732,7 ha.
Prehrada je tvofena betonovou tiznou hrazi o vysce 81,5 m a o délce v koruné
450 m. Kubatura hraze presahuje 1 mil. m® Dlouhodoby prdmérny pratok cini
Q, = 83,5 m*s™. Hlavnimi ucely vodni nadrze Orlik jsou akumulace vody pro
nadlepSeni prdtokd na spodnf ¢asti Vitavy a Labe, ¢astecnd ochrana pfed vel-
kymi vodami a vyroba elektrické energie. Vedlejsimi Ucely jsou pak rekreace,
vodni sporty, rybi hospodéfstvi a plavba v nadrzi.

Vodni elektrdrna je situovdna na levém brehu. Vybavena je ¢tyfmi kapla-
novymi turbinami 4 x 91 MW, které pracuji se spadem v rozmezf 44,0-70,5 m.
Vodnf elektrarna Orlik je nejvétsi vodni elektrarna v Ceské republice produkujici
priblizné pétinu elektrické energie vyrobenou ve vodnich elektrarndch, mimo
pfecerpavaci vodnf elektrarny.

Hlavnimi pfitoky do nadrze Orlik jsou Vitava, Otava a LuZnice. Celkova plo-
cha povodi vodni nadrze Orlik ¢inf 12 106 km?, z toho plocha povodi Luznice
tvofi 4 226 km? a povodi Otavy 3 840 km? Vodni nadrz Orlik tvofi uzavérovy
profil bilan¢ni oblasti CHMU 3 - Horni Vlitava. Hydrologické charakteristiky
bilan¢ni oblasti uvadi kazdoro¢ni Zprava o hydrologické bilanci Ceské repub-
liky [9]. Charakteristiky zahrnujf Udaje o srazkdch a odtocich. Zprava za rok 2016
dich (Hornf Vitava, Luznice, Otava) tvoficich bilan¢nf oblast 3 — Horni Vitava. Pro
feSeni této studie byla data o srdzkach a teplotdch pro bilan¢ni oblast 3 zfskdna
z CHMU.

1. Gross consumption — expressed as the loss of water through
evaporation from the surface of the reservoir,

2. Net consumption — expressed as the difference between eva-
poration from the water surface and evapotranspira-
tion from the surface before the reservoir was built,

3. Net balance - expressed as the difference between evaporation from
the water surface and precipitation that reaches the water surface.

In order to express the impacts associated with the use of water (i.e, LCA
water footprint), the amount of water used is multiplied by a characterization
factor according to the chosen characterization model.

The aim of this study is to: (i) test different approaches to determining the
water footprint of electricity generation in an HPS; (i) compare their results
using the example of Orlik, the largest Czech HPS,; (iii) discuss the pros and cons
of the methods; and (iv) define possible limitations of current approaches to
determining water footprint.

DATA AND METHODS

Pilot study — Orlik hydroelectric power station

Orlik reservoir is situated on the River Vltava in the South Bohemian Region,
river kilometre 144.650. It is the largest hydraulic structure in the Czech Republic,
with the length of the flooded area being 68 km and a storage capacity of
716.5 million square metres. The surface area of the flooded area of the reser-
voir ranges between 1,172.0 and 2,468.2 ha; for maximum damming, the figure is
2,732.7 ha. Orlik has a concrete gravity dam that is 81.5 m high; its crest is 450 m
long. The volume of the dam exceeds 1 million m? Long-term average flow rate
is Q = 83.5m’ per second. The primary purpose of the reservoir is to: accumu-
late water for improved flow rates in the lower segments of the River Vltava
and the River Elbe; flood protection (to some extent); and generate electricity.
Secondary purposes are recreation, water sports, fish farming, and navigation
on the reservoir.

The power station is situated on the left bank. There are four 91 MW Kaplan
turbines which operate within a gradient of 44.0 to 70.5 m. Orlik HPS is the larg-
est in the Czech Republic, generating approximately one-fifth of the electric-
ity produced by hydroelectric power, with the exception of pumped-storage
power stations.

The Vltava, Otava, and Luznice are the main feed rivers for the reser-
voir. The total surface area of the Orlik reservoir drainage basin is 12,106 km?,
of which the surface areas of the basins of the River Luznice and the River
Otava form 4,226 km? and 3,840 km?, respectively. Orlik reservoir forms the
final profile of balance region 3 — Upper Vltava River, according to the Czech
Hydrometeorological Institute. The hydrological characteristics of the balance
area are set out in annual reports on the hydrological balance of the Czech
Republic [9]. The characteristics include precipitation and discharge data. The
2016 report was extended to include average temperatures and more detailed
information on the 3 level sub-basins (Upper Vltava, Luznice, Otava) which
comprise balance region 3 — Upper Vitava River. In order to deliver this study,
precipitation and temperature data for balance region 3 were obtained from
the Czech Hydrometeorological Institute.



Vypocet vodni stopy

Faze vystavby a likvidace vodni elektrérny a vodniho dila Orlik byla pro nedosta-
tek Udajl a s ohledem na Zivotnost obou celkd zanedbdana. Pro stanovenf spo-
treby vody ve fazi provozu vodni elektrarny Orlik byly vyuZity viechny tfi pfistupy
popsané v uvodu. Vypocet bilan¢ni vodni stopy byl proveden podle rovnice (1).
UzZivani vody pro metodu ,hrubé spotfeby” podle rovnice (2), pro metodu ,Cisté
spotfeby” podle rovnice (3) a pro metodu ,Cisté bilance” podle rovnice (4):

_ UIXAVD

Vvs=—>

hrubd spotieba =

= (V-ET)

Cistd spotieba

u = (-5

cistd bilance

kde VS je bilancni vodni stopa pro i = thrubd spotreba, Cistd spotieba, Cistd

bilance},

U uzivéni vody stanovené podle rovnice (2-4),

v vypar stanoveny podle rovnice (8),

ET evapotranspirace stanovena jako potencidlni evapotranspirace
podle rovnice (9),

S srézky ziskané z CHMU.

Vypocet LCA vodni stopy byl proveden podle rovnice (5). Pro stanovenf
dopadl spojenych s vyrobou elektrické energie byly pouzity dva charakteri-
zac¢ni modely: japonsky charakteriza¢ni model fwua [10] a model AWARE [11].
Tyto dva modely vodni stopy nedostatku vody byly zvoleny na zékladé moz-
nosti jejich regionalizace [12] na profil vodni nadrze Orlik. Regionalizace modelu
fwua byla provedena podle rovnice (6) [13], modelu AWARE pak podle rovnice
(7) N41:

U XA
VS =CF x ——
ij j P

Q
_ ref
CFfwua - 0
AP
CF e = AP vt CF 0,1; 100
AWARE_TXQG 7 e €01
AP
kde Vs, Je bilan¢ni vodni stopa [m>*MWhT] pro i = {hrubd spotreba,
Cistd spotreba, Cistd bilance} a j = {fwua, AWARE],
" plocha vodni nadrze [m?],
P vyroba elektrické energie [MWh],
CF, charakteriza¢nf faktor,
Q. referen¢ni hodnota 1/12 [m*m=mésic'] [10],
Q odtok v profilu VD Orlik [m*mésic],
A, plocha povodi [m?7],
AMD,.4,.,, referentnihodnota 0,0136 [m*m=mésic’] [11],
koeficient vyjadrujici pozadavky ekosystéma: k= 0,3 [14],
Q dlouhodoby préimérny pritok [m*mésic'].
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Calculating grey water footprint calculation

The construction and decommissioning stages of Orlik HPS and hydraulic struc-
ture were ignored due to a lack of data and considering the lifetime of both units.
All three approaches described in the introduction were used to determine water
consumption during the operation stage of Orlik HPS. The calculation of volumetric
water footprint was made as per Equation (1), while the use of water was detected
using Equation (2) for the “gross consumption” method, Equation (3) for the “net
consumption” method, and Equation (4) for the “net consumption” method:

m

where VS is volumetric water footprint for i = {gross consumption, net con-

sumption, net balancej,

U the use of water determined as per Equation (2-4),

1% the evaporation determined as per Equation (8),

ET the evapotranspiration determined as potential evapotran-
spiration as per Equation (9),

S the precipitation information received from CMI.

Calculation of the LCA water footprint was conducted as per Equation (5).
Two characterization models were used to determine the impacts associated
with power generation — the Japanese characterization model wfua [10] and
the AWARE model [11]. The two models of water scarcity footprint were selected
based on the possibility of regionalizing them [12] to fit the profile of Orlik res-
ervoir. The regionalization was made as per Equation (6) for the fwua model [13]
and as per Equation (7) for the AWARE model [14]:

©)

7)

the volumetric water footprint [m*MWh] for i = {gross con-
sumption, net consumption, net balance} and j = {ffwua, AWARE},

where VS s

Ap the surface area of the reservoir [m?,

P the generation of electricity [MWh],

Cﬁ, a characterization factor,

Q. the reference value of 1/12 [m*m?>month™] [10],
Q the outflow in Orlik WW profile [m*month™],

A, the drainage basin surface area [m?],

A/\/IDvadavg the reference value of 0.0136 [m*m2month] [11],

the coefficient expressing the requirements of ecosys-
tems: k= 0.3 [14],
Q the long-term average flow rate [m*month™].
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Vypocet vyparu z vodni hladiny a evapotranspirace

Vypar z vodni hladiny je zavisly na mnoha faktorech, jako je teplota a tlak
vzduchu, teplota vody, zastinéni hladiny ¢i pokryti vodnimi rostlinami, rych-
lost a smér vétru apod. Pro stanoven{ vyparu z volné hladiny Ize pouzit mnoz-
stvi metod nebo piiméa méreni. S ohledem na dostupnost dat byl v rdmci této
studie uvazovan model vyuzivajicl pouze teplotu vzduchu. Zvoleny model tak
predstavuje sice velmi jednoduchy postup pro stanoveni vyparu, ale zaroven
postihuje nejméné moznych vlivl a mizZe tak byt nepfesny.

V 50. letech bylo v Ceskoslovensku provozovano nékolik vyparomeérnych sta-
nic, ze kterych byla odvozena rovnice (8) pro vypocet vyparu na zakladé tep-
loty [15]. V soucasnosti je v Ceské republice provozovana Vyzkumnym Ustavem
vodohospodéaiskym T. G. Masaryka, v. v. i, vyparomérna stanice v obci Hlasivo
na Taborsku. Analyzou dat z této vyparomérné stanice byly odvozeny dalsi rov-
nice [16, 17]. Vysledky rovnic vyuZivajici jako popisnou proménnou pouze tep-
lotu vzduchu byly porovndny na datech ze stanice Hlasivo z obdobf kvéten
az fijen v letech 1957 az 2012, pficem? tato analyza [18] ukdzala, Ze i tyto rov-
nice vyuzivajici jako nezévislou proménnou pouze teploty vzduchu vykazuji
dostatecnou presnost vyslednych hodnot. Jednotlivé rovnice dosahuji lepsich
vysledkl pfi rlznych rozpétich teplot. Zatimco na celé sadé dat dosahovaly
relativné stejnych vysledkd rovnice Sermera a Mrkvickové, tak rovnice Sermera
dosahovala nejlepsich vysledkd pfiteplotach nizsich jak +15 °C, kdy dosahla nej-
mensiho rozdilu mezi modelovanou a méfenou hodnotou ve vice jak 53 % pfi-
padU. S ohledem na typické teploty v bilan¢nf oblasti 3 — Horni Vitava byl pro
vypocet zvolen model Sermera podle rovnice (8). V posuzovaném obdobi 2006
az 2011 dosahovaly pramérné mésicni teploty v bilan¢ni oblasti 3 — Horni Vitava
hodnot od -6,241 °C do 420,309 °C, pficemz 41 mésict mélo primérnou teplotu
do +10 °C, 12 mésict melo prdmérnou teplotu mezi +10 a +14 °C, 5 mésicd pak
mezi +14 a +16 °C a ve 14 ptipadech prekrocila primérnd mésic¢ni teplota hod-
notu +16 °C. Pro vypocet vyparu byla pouzita rovnice (8):

V/ = 1000452 0,204

kde V je prdmérnd hodnota vyparu [mm-d7],
t primérnd mesicni teplota vzduchu v meteorologické budce 2 m
nad zemi [°C].

S ohledem na nejistoty spojené se stanovenim hodnoty vyparu z nadrze
nebylo uvazovéano s kolisdnim hladiny v nadrzi. Pro vypocet objemu vypafené
vody byla uvazovana hodnota plochy hladiny na Urovni zasobniho prostoru
2468,2 ha.

Pro uvazovani evapotranspirace z Uzemi pfed vystavbou vodni nddrze Orlik,
byl pro nedostatek podrobnych informaci zvolen pfedpoklad, Ze evapotranspi-
race odpovidd potencidlni evapotranspiraci na zakladé Uvahy, ze v tdolnf nivé
byl dostatek infiltrované vody z feky k evapotranspiraci. Pro vypocet potenci-
alnf evapotranspirace, ktera je pouZzita v metodé ,cisté spotfeby’, byla pouZita
Thornthwaiteova rovnice [19] (9):

10Xt |* N d
PET=16x (7 ) x> x 5,
kde PET je potencidlnievapotranspirace [mm-d],
t primeérnd mésicni teplota vzduchu [°C],
/ ro¢nf index tepla vypocteny podle rovnice (10):

Calculation of evaporation and evapotranspiration

Evaporation is dependent on many factors, such as air temperature and
pressure, water temperature, water surface shading or aquatic plant cover, and
wind speed and direction. Many methods or direct measurements can be used
to determine evaporation from the open water surface. In view of the availa-
bility of data, a model using only air temperature was considered in this study,
making the chosen model a very simple procedure for determining evapora-
tion. However, as it also covers the least number of possible impacts, it can be
deemed inaccurate.

In the 1950's, several evaporation measuring stations operated in
Czechoslovakia; Equation (8) was derived from these to calculate evaporation on
the basis of temperature [15]. Currently, such a type of measuring station is oper-
ated by the TGM Water Research Institute, p.ri, in the municipality of Hlasivo,
Tabor region. By analyzing data from this station, more equations were derived
[16, 171. The results of equations using only air temperature as a descriptive varia-
ble were compared with the data sourced from Hlasivo station in May to October
for the period 1957-2012; these showed [18] that even these equations, using only
air temperature as an independent variable, show sufficient accuracy of the
resulting values. Each of the equations performs better at different temperature
ranges. While the results obtained through the Sermer and Mrkvic¢kova equa-
tions were about the same across the data set, the Sermer equations achieved
the best results at temperatures below +15°C, achieving the least difference
between the modelled and measured values in more than 53% of cases. In view
of the temperatures typical of balance region 3 — Upper Vltava, the model by
Sermer (i.e,, using Equation (8)) was chosen for the calculation. During the period
under review (i.e, 2006 to 2011), the average monthly temperatures in balance
region 3 — Upper Vitava ranged between -6.241 °C and +20.309 °C, with 41 months
having an average temperature below +10 °C, 12 months having an average tem-
perature between +10 and +14 °C, and 5 months having an average temperature
between +14 and +16 °C; in 14 cases, the average monthly temperature exceeded
+16 °C. Equation (8) was used to calculate the evaporation:

®)

where V' is the average evaporation value [mm-d],
t the average monthly air temperature at the weather box situ-
ated 2 m above the ground [°C].

Due to uncertainties associated with the determination of the value of
evaporation from the reservoir, the fluctuation of the reservoir surface was not
considered. For calculating the volume of water evaporated, the value of the
water surface area at the level of the reservoir area (2,468.2 ha) was considered.

Due to a lack of detailed information, in order to consider evapotranspiration
from the surface prior to the construction of Orlik reservoir, the assumption was
chosen that evapotranspiration corresponds to potential evapotranspiration on
the basis of a consideration that there was enough infiltrated water from the river
for evapotranspiration. The Thornthwaite equation [19] was used to calculate the
potential evapotranspiration that is used in the “net consumption” method (9):

©)

where  PET is potential evapotranspiration [mm-d™],
t the average monthly air temperature [°C],
/ the annual thermal index calculated as per the following

equation (10):



kde [/ je mési¢niindex tepla vypocteny podle rovnice (11):

/:(%)7,574

Koeficient a je vypocitédn podle rovnice (12):

VTEI/ 2020/ 4

(10)

where | is the monthly thermal index calculated as per the following

equation (11):

(m

Coefficient a'is calculated as per equation (12):

< =6/5X 107X P-771 X 107 X 7+ 1792 X 10° X | + 0,49239 2)

kde d je pocetdnivdaném meésici,
N teoretickd primérna doba denniho svétla v daném mésici.

Doba denniho svétla v kazdém dni v roce byla vypoctena pomoci CBM modelu
[20] (13):

where d is  the number of days in a given month,
N the theoretical average period of daylight in a given month.

The daylight time of each day of the year was calculated using the CBM model
[20] (13):

sin P><77+SI,n LxJT i
sin @
24 180 180
D=24-— xcos’' (13)
g cos XI7 X COS
180 ¢
kde P je  koeficient uvazovany na hodnoté 0,8333 [20], where P is  the coefficient considered at 0.8333 [20],
L zemepisna sitka (+ pro severnf polokouli, - pro jizni polokouli), L the latitude (+" for the northern hemisphere, "-" for the
[0) vypocteno podle rovnice (14, 15): southern hemisphere),
10) calculated as per the following equation (14, 15):
@ =sin"[0,39795 X cos O] (14)
©=0,2163108 + 2 x tan™ [0,9671396 x tan [0,00860 x (J-186)]] (15)
kde J je  pofadové ¢islo dne v roce. where J is  the serial number of the day of the year.

VYSLEDKY A DISKUSE

Bilan¢ni vodni stopa

Hodnoty modré vodni stopy se velmi lisi podle pouzitého pfistupu ke stano-
ven( spotfeby vody (obr. T a 2). Nejvyssi hodnoty dosahuje modrd vodni stopa
pfi uvazovani pouze spotfeby vody formou vyparu (,hruba spotfeba”). Oba
zbyvajici pfistupy vyrazné snizuji hodnotu vodni stopy, a to az do zapornych
hodnot. Zédporné hodnoty znamenaji, ze z vodni nadrze odtéka vice vody, nez
do nf pfitékd vodnimi toky. Z obr. T je vidét, Ze pfi uvazovani pouze vyparu, ma
prabéh hodnot bilan¢ni vodni stopy charakteristicky sezonni pribéh s maximy
v 1été a minimy v zimé. Naopak hodnoty vodni stopy vypoctené s vyuzitim

RESULTS AND DISCUSSION

Volumetric water footprint

Blue water footprint values vary greatly depending on the approach used to
determine water consumption (Fig. T and 2). The highest value is the blue water
footprint when only considering water consumption in the form of evaporation
(“gross consumption”). Both remaining approaches significantly reduce the water
footprint value, even to negative values. Any negative value indicates that more
water is flowing out of the reservoir than is flowing in through watercourses.
Figure 1 shows that when considering evaporation only, the behaviour of vol-
umetric water footprint values is characterized by seasonal performance, with

9
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,Cisté spotfeby” (obr. 1) i ,Cisté bilance” (obr. 2) sezonnost vodni stopy nevyka-
zuji. V pripadé vypoctu pomoci cisté spotfeby” je potfeba si oviem uveédo-
mit, Ze v této studii byl proveden jen orientacnf vypocet evapotranspirace pro
ovéfeni principl metody a Udaje nejsou Uplné pfesné. Pfesto je u této metody
,potlaceni” sezonnosti ddno jiz samotnym principem metody. U vypoctu s vyu-
Zitim ,Cisté bilance” je pribéh mési¢nich hodnot vodni stopy predurcen cha-
rakteristickymi prabéhy srazek a teplot béhem roku. Jak vyplyva z obr. 2, vodni
stopa stanovend pomoci ,Cisté bilance” kolisa kolem hodnoty 0, tj. srézky dopa-
dajici na hladinu vyrovndvaji vypar z hladiny. Tabulka 1 uvadi hodnoty bilan¢nf
vodni stopy v ro¢nim kroku. | zde je patrny zna¢ny rozptyl hodnot.

Tabulka 1. Hodnoty bilan¢ni vodni stopy VE Orlik v ro¢nim kroku [m*MWHh]

Rok Vypar Cista spotfeba Cista bilance
2006 30,7 4,0 -1,9E-07

2007 55)1 59 -3,1E-07

2008 553 55 1,2E-07

2009 354 37 -39E-07

2010 31,5 23 -3,8E-07

20 54,0 4,6 -49E-08

Metoda ,hrubé spotieby” uvazujici pouze vypar je nejjednodussi, ale jejim
hlavnim nedostatkem je potlaceni systémového pfistupu ke stanoveni uzi-
vanf vod v ,systému vyroby elektrické energie ve vodnf elektrarné”. Divame-li
se na vodnf nddrz jako soucast technologického systému vyroby elektrické
energie, tak do systému vstupuje nekolik vstupd, stejné tak ze systému voda
,0dchéazi" v podobé nékolika vystupl. Vstupy do systému vodni nédrze pred-
stavujf vodni toky pfitékajicf do nadrze, podpovrchovy a pfipadné plosny povr-
chovy pfitok z okoli nddrze, prameny v plose zatopy a srazky na hladinu zatopy.
Vnitini prameny a podpovrchovy a plosny povrchovy pfitok Ize obvykle zane-
dbat z dlivodu jejich velikosti a s ohledem na skutec¢nost, Ze i bez existence
vodni nadrze by tato voda dotekla do vodniho toku. Vystupy z nddrze predsta-
vuje voda odtékajicl z nddrze, odbéry z nddrze a ztraty vody (vyparem, prisa-
kem do podlozi, pfipadné jiné). Odbéry vody z nddrze Ize také zanedbat, pro-
toze nemaji zadnou souvislost s vyrobou elektrické energie na vodni elektrérné
(tedy pokud nenf vodnf elektrdrna umisténa na odbérném potrubf).

Vlypocet metodou ,Cisté spotieby” je v soucasnosti ¢asto pouZivany pfi-
stup [1] a vychdzi z predpokladu, Ze z plochy zdtopy vodni nddrze by dochézelo
k vyparu i bez existence vodni nadrze. Skutecné spotieba vody je tedy rovna
jen rozdilu mezi evapotranspiraci z Uzemi pfed vystavbou vodni nédrze a vypa-
rem z hladiny nddrze. Aplikace tohoto pfistupu nardZi na dva hlavni problémy.
Jakykoliv vypocet evapotranspirace bude pouze odhadem této hodnoty.
Jednak je to ddno modelovymi pfistupy ke stanoveni skute¢né evapotranspi-
race (kazdy model je jen vice ¢i méné pfesnym zjednodusenim skutecnosti).
Predevsim viak Ize v soucasnosti jen stéZi odhadovat, jakd by byla struktura
povrchd v zatopé. Druhy problém je principidlni. Zkusme aplikovat princip pfi-
stupu ,Cisté spotreby” napfiklad na tovarnu. Tovédrna vyrabi néjaky produkt
s technologii A, kterd spotfebuje 5 m* vody na jednotku produkce. Tovérna
projde rekonstrukci a po modernizaci provozu tatdz tovarna pouziva techno-
logii B, kterd spotfebuje jen 3 m? vody na jednotku produkce. Z tohoto pfikladu
Ize odvodit tfi zavéry. Vodni stopa produktu po rekonstrukci tovarny jsou 3 m?.
Diky rekonstrukci tovarny se snizila vodni stopa produktu o 2 m*. Celkové vodni
stopa produkce v tovarné se zménila o (3x pocet vyrobkl produkovanych po
rekonstrukci) — (5x pocet vyrobkd produkovanych pfed rekonstrukcf).

peaks in summer and lows in winter. Conversely, water footprint values calcu-
lated using both “net consumption” (Fig. 1) and “net balance” (Fig. 2) do not show
such seasonality. However, in the case of ‘net consumption” calculation, it should
be noted that in this study only an indicative calculation of the evapotranspi-
ration has been made to verify the principles of the method and the data are
not entirely accurate. Nevertheless, this method of “suppression” of seasonality
is already based on the principle of the method itself. For “net balance” calcu-
lation, the behaviour of monthly water footprint values is pre-determined by
the characteristic behaviour of precipitation and temperature values during the
year. As shown in Fig. 2, the water footprint determined through the “net balance’
approach varies around 0, i.e. the precipitation reaching the water surface com-
pensates for the evaporation from the surface. Table T presents volumetric water
footprint values in yearly steps. Here, too, there is considerable variation in the
values.

d

Table 1. Volumetric water footprint values at Orlik HPS in yearly steps [m>MWh']

Year Evaporation Net consumption Net balance
2006 30.7 4.0 -19E-07

2007 551 59 -3.1E-07

2008 553 55 1.2E-07

2009 354 37 -3.9E-07

2010 315 23 -3.8E-07

20M 540 46 -49E-08

The “gross consumption” method, which only considers evaporation, is
the simplest approach; its main shortcoming, however, is suppressing the sys-
temic approach to determining the use of water in what is termed “hydroelec-
tric power generation system” Looking at the reservoir as a component of the
electricity generation system, there are several inputs into this system. Similarly,
water “leaves” the system in the form of several outputs. Reservoir system
inputs include: water courses flowing into the reservoir; sub-surface and, where
appropriate, surface inflow from the reservoir surroundings, springs within the
surface area of the flooded area; and precipitation reaching the water surface
of the flooded area. Internal springs and the sub-surface/surface tributaries
can usually be neglected due to their size and the fact that this water would
reach the water course even without the existence of a reservoir. Outputs from
a reservoir involve water that flows out of the reservoir, water that is extracted
from the reservoir, and the water lost (whether through evaporation, seep-
age, or other means). Water collected from the reservoir can be neglected too,
because it has no connection with the generation of electricity at the HPS (i.e,,
unless the station is located on a collection pipeline).

The calculation using the “net consumption” method is currently a fre-
quently used approach [1] and assumes that there would be evaporation from
the surface area of the reservoir even without the existence of the reservoir. The
actual consumption is therefore equal only to the difference between potential
evapotranspiration from the surface area of the flooded area of the reservoir
and evaporation from its water surface. The application of this approach faces
two major issues. First, any calculation of evapotranspiration will only be an
estimate of this value. This is due to model approaches to determining actual
evapotranspiration since any model is more or less just a precise simplifica-
tion of reality. Above all, however, it is difficult to estimate at present what the
structure of the surfaces in the flooded area would be. The second issue is
a fundamental problem. Let us try to apply the principle of the “net consump-
tion” approach to a factory, for example. The factory produces a product using



Lze se na uvedenou situaci podivat i jinak. Pfed vystavbou vodni nadrze
neexistovala v dané lokalité vodnf elektrdrna a veskery vypar z Uzemfi zétopy
soucasné vodni elektrarny byl pfifazen (alokovén) k produktlm, které byly
v Uzem{ produkovany. Respektive, i kdyby v daném Uzemi existovala napfi-
klad elektrarna na jezu, pak by k nf nebyl alokovan vypar z plochy povodi, ale
jen ze zdrze jezu. Vybudovanim vodni nddrze se zpUsob vyuziti Gzemi zménil
a Uzemf produkuje jiné produkty (elektrickou energii, surovou vodu, ochranu
pred povodnémi, rekreaci apod.).

| praktické pouZiti pfistupu ,cCisté spotieby” je problematické. Modra vodnf
stopa vyjadfuje mnozstvi vody, které je ,spotifebovano” pfi produkci néjakého
statku (v tomto pfipadé na vyrobu elektrické energie). Pokud by dlouhodoby
pritok do nddrze byl napf. 1 mil. m? dlouhodoby vypar 2 mil. m* a evapotranspi-
race z puvodniho povrchu pfed vybudovdnim nadrze 12 mil. m? vychdzela
by hodnota vodni stopy 0,8 mil. m®. Pokud by se nadrz nachdzela v aridnf
oblasti skoro bez srézek, pak by realné byla prazdna a z nadrze by nic neodté-
kalo, nebot ztraty vody vyparem ze systému by byly vyssi, nez je vstup do sys-
tému ve formé pfitoku. Navrzeny pfistup ,Cisté spotfeby” je tak spise pfikladem
nevhodného ¢i Ucelového pouziti, coz neni bohuzel jen problém vodni stopy,
ale obecné footprint metodologif [21].

Pristup ,Cisté bilance” se zdd metodicky nejvhodngjsi k fesenf studii vodni
stopy spojené s uzivanim vody ve vodni nddrzi. Zahrnuje ztraty vody ze sys-
tému ve formé vyparu i ,zisk” systému, tedy vstup do systému, v podobé sra-
zek. Ovsem ani toto neni metodicky Uplné ¢isté. Jak upozorriuje Bakken a kol. [4]
podle metodiky vodni stopy [6] se hodnota vodni stopy pohybuje v intervalu
od 0 do kladného nekonecna.

Pfi feseni studii vodni stopy spojenych s vodni nddrzi neni vhodné omezo-
vat vstupy a vystupy pouze na vypar z hladiny a srdzky na hladinu, ale je vhodné
zevseobecnit fedeni na vsechny vstupy a vystupy popsané vyse. A to i v pfipa-
dech, kdy v konkrétni situaci mohou byt jednotlivé vstupy a vystupy uvazovany
s nulovou nebo zanedbatelnou hodnotou. Zejména ztraty podloZzim a povr-
chovy pfitok mize hrét za urcitych podminek nezanedbatelnou roli v celkové
bilanci nddrze. Nemusi se jednat jen o chyby v ndvrhu nadrze a ztraty vod do
podloZi, které zpUsobi nefunkénost nddrze [22]. Pokud n&drz leZi v rovinaté kra-
jiné a okolni plida méa vysokou propustnost, pak saci sily porostu v okoli nddrze
mohou ovlivnit celkové ztraty vody z néddrze vysokou evapotranspiracni schop-
nosti. Naopak v pfipadé malo propustného podloZi a minimalniho rostlinného
pokryvu v okoli nddrZe (typicky skalnaté okoli vodnich nadrzi) stece vétsina
srézek z tohoto Uzemi pfimo do nadrze. V obou popsanych pfipadech by bylo
vhodné budto rozsifit rovnice (1) a (5) o ¢leny vyjadfujici vliv okoli nadrze nebo
uvazovat s jakousi efektivni plochou nadrze. Stanoveni takové efektivni plo-
chy nadrze nenfi v soucasnosti metodicky rozpracovano. Hogeboom a kol. [23]
ve své globalni studii uvazovali pouze se ztratami vyparem (metoda ,hrubé
spotieby”) a z teoretické primeérné naplnénosti nadrze a idealizovaného tvaru
udoli navrhli pouzit pro vypocet ztrat vyparem hodnotu plochy nadrze o veli-
kosti 56,25 % maximalnf plochy nddrZe. Pro pouZiti s metodou ,Cisté bilance” je
tato hodnota spise podhodnocena.

Robescu a Bondrea [24] spocitaly vodni stopu spojenou s vystavbou hréaze
vodni elektrarny Vidraru na 19,7 mil. m® pfi objemu hrdze 480 000 m?, tj. 41 m° na
m? betonové hraze. Pfi pouziti tohoto Udaje a kubatury hraze vodniho dila Orlik
cca 1,1 mil. m? vychazi vodni stopa hraze vodni nadrze Orlik na 45,1 mil. m?, resp.
pfi uvazovani 100leté zivotnosti 0,45 mil. m* za rok. Spocteny ro¢ni vypar z vodni
nadrze Orlik ¢inf v jednotlivych letech 15,5 az 171 mil. m?. Pfi pfepocitani na jed-
notku vyrobené elektrické energie to je pak od 0,26 do 3,09 m*MWh' v mésic-
nim kroku, resp. 0,81aZ 1,51 m*MWh™ v ro¢nim kroku. Zejména v pfipadé pouziti
metody ,cisté bilance” se jednd o nezanedbatelné hodnoty.

V provedené studii byly veskeré vstupy a vystupy ze systému vodni nadrze
pfifazeny k vyrobé elektrické energie. Vodni nadrz Orlik viak neslouzi pouze
k vyrobé elektrické energie, ale jako vétSina vodnich nadrZi na svété je vice-
Ucelovad [25]. Kromée vyroby elektrické energie zajistuje celospolecenské
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Technology A that consumes 5 m? per unit of produce. It undergoes a process
of refurbishment and, after the modernization of its operations; the same fac-
tory is using Technology B that consumes only 3 m? per unit of produce. Three
conclusions can be drawn from this example. The water footprint of the prod-
uct after factory refurbishment is 3 m* The process has reduced the water foot-
print of the product by 2 m? The total water footprint of factory’s produce has
changed by (3x the number of products produced after the refurbishment) —
(5% the number of products produced before the refurbishment).

Itis possible to look at the given situation from another point of view as well.
Prior to the construction of the reservoir, there was no HPS at the site, and all
the evaporation from the flooded area of the current HPS was attributed (allo-
cated) to the products that were produced in the area. For example, even if
there was a power station on a weir in the area, then evaporation allocated to
it would not be that from the surface area of the drainage basin, but only that
from the weir pool. By building the reservoir, the use of the area has changed
and the area produces other goods, such as electricity, raw water, protection
from floods, and recreation.

The practical application of the “net consumption” approach is also prob-
lematic. Blue water footprint refers to the amount of water that is “consumed”
when producing any goods (i.e, generating electricity in this case). Should
long-term inflow to the reservoir be, for example, 1 million m?, long-term evap-
oration 2 million m?, and previous evapotranspiration (from the former surface
before the reservoir was built) 1.2 million m?, then the water footprint would be
0.8 million m?. Should the reservoir be located in an arid region almost without
precipitation, then it would actually be empty and nothing would be flowing
out of it because losses of water from the system through evaporation would
be higher than the input into the system in the form of inflowing water. The
proposed “net consumption” approach is thus rather an example of inappropri-
ate or special-purpose application, which is unfortunately an issue associated
not only with water footprint but, generally with footprint methodologies [21].

In terms of methodology, the “net balance” approach appears to be the one
most appropriate to address water footprint studies associated with the use of
water in a reservoir. It includes losses of water from the system through evapo-
ration as well as system “gain’, i.e,, the input entering the system in the form of
precipitation. However, even this is not completely clean in a methodical way.
As Bakken et al. [4] point out, according to water footprint methodology [6], the
water footprint value ranges from 0 to positive infinity.

When conducting water footprint studies associated with a reservoir, it is
not appropriate to limit the inputs and outputs to only evaporation from the
water surface and precipitation reaching the water surface; rather, it is appro-
priate to generalize the solution to apply to all inputs and outputs described
above, even if, in a particular situation, individual input and output values can
be considered as zero or negligible. In particular, losses via subsoil and surface
inflow can both play a significant role in the overall reservoir balance under
certain conditions. Factors that can cause a reservoir to stop working may not
only involve errors when designing the reservoir and loss of water to the sub-
soil [22]. If a reservoir is situated in a level landscape and the surrounding soil
has high permeability, the suction forces of the forest stands around the res-
ervoir can affect the total losses of water from the reservoir with a high evap-
otranspiration capacity. In contrast, if there is very little permeable subsoil and
minimum plant cover around the reservoir (which typically involves rocky sur-
roundings of reservoirs), most precipitation from this area will flow directly into
the reservoir. In both cases described above, it would be appropriate either to
extend equations (1) and (5) to include terms expressing the influence of the
surrounding area of the reservoir, or to consider some sort of an effective area
of the reservoir. Any determination of such an effective area of the reservoir
is not methodically developed at the moment. Hogeboom et al. [23], in their
global study, only considered losses through evaporation (the “gross consump-
tion” method); based on the theoretical average degree to which the reservoir
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Obr. 1. Modré vodni stopa elektrické energie VE Orlik — metoda hrubé spotieby a Cisté
spotfeby

Fig. 1. Blue water footprint of Orlik HPS electricity — the methods of gross consumption
and net consumption

funkce (nadlepsovani prltokd), protipovodiovou ochranu, odbéry vody, lodnf
dopravu, rybérstvi, sport a rekreaci. Celkové uzivani vody by tedy mélo byt pre-
rozdéleno (alokovéno) ke viem témto uzivanim, coz snizi hodnoty stanovené
vodni stopy na vyrobu elektrické energie. Vyzkum metod alokace na jednot-
livé uzivani vody je viak dosud velmi omezeny a i studie, které alokaci na rézné
uziti zahrnuly do vypoctl vodni stopy, pouzivaji rozdilné metody [1, 26]. V pod-
minkach Ceské republiky Ize pouzit réizné metody alokace, asi nejuniverzalngjsi
je vyjadfeni pomoci ekonomické hodnoty jednotlivych uzivani poskytovanych
vodni nadrzi. Zatimco vyjadfeni ekonomické hodnoty vyrobené elektrické
energie i odebrané surové vody je diky existenci ceny pomérné snadné, vyjad-
feni hodnoty ostatnich uzivani je Ulohou vhodnou pro ekonomy. Je vhodné téz
zminit, ze vyzkum ve svété (zejména v oblastech s omezenymi vodnimi zdroji)
se zabyva i opac¢nou ulohou, tj. jak vyuzit vodni stopu k co nejefektivnéjsi alo-
kaci vody ve vodni nddrzi na jednotlivé uzivani tak, aby byly dosazeny maxi-
malni prinosy [27].

LCA vodni stopa

Vypocet regionalizovanych hodnot charakterizacnich faktor( pro oba zvolené
modely je v principu shodny a lisf se pouze v rozdilné referen¢ni hodnoté, zahr-
nuti potfeb vody pro ekosystémy v modelu AWARE a omezenim hodnot CF, ,, ..
na interval<0,1;100». Charakteriza¢ni faktory pro oba modely maji v jednotlivych
mésicich relativné podobny pribéh, i kdyz variabilita hodnot je zna¢né velka
(obr. 3). Hodnoty charakteriza¢niho faktoru CF, _se pohybujf od 0,9 do 12,9 pfi
prameéru 59. Hodnoty charakteriza¢niho faktoru CF, .. se pohybuji dokonce
0d 0,16 do 15,8 pfi prdméru 2,3.

Z pohledu terminologického pfedstavuje vodni stopa stanovend témito
dvéma modely hodnotu ,vodni stopy nedostatku vody — water scarcity foot-
print”. Obrdzky 4 az 6 zobrazuji prdbéh LCA vodni stopy v mési¢nim kroku podle
obou charakteriza¢nich modell a srovnani s prabéhem bilan¢ni vodni stopy.
Obecné Ize konstatovat, ze v pfipadé VE Orlik oba pouzité LCA modely snizujf
rozptyl hodnot oproti bilan¢nf vodni stopé. Toto konstatovani neplati pouze
v pfipadé charakteriza¢niho modelu fwua aplikovaném na uzivani vody sta-
noveném pomoci ,Cisté bilance”, kde naopak spise zvyraziuje maximalni hod-
noty (obr. 6). Z grafd je vidét, ze rozptyl mési¢nich hodnot je velmi vysoky.
Tabulka 2 uvadi hodnoty v ro¢nim kroku a i zde je vidét zna¢na rozkolisanost
hodnot vodni stopy.

0,000005
0,000004
0,000003
0,000002
0,000001
0
-0,000001
-0,000002
-0,000003
-0,000004

Obr. 2. Modré vodni stopa elektrické energie VE Orlik — metoda Cisté bilance
Fig. 2. Blue water footprint of Orlik HPS electricity — the net balance method

can be filled and an idealized valley shape, this suggests using 56.25% of the
maximum reservoir surface area as a reservoir surface area value for calculating
losses through evaporation. For use with the “net balance” method, this value
is rather underestimated.

Robescu and Bondrea [24] calculated the water footprint associated with
the construction of the dam for the Vidraru HPS to be 19.7 million m?, with the
dam volume being 480,000 m® (i.e., 41 m*per m? of the concrete dam). Using
this information and the volume of Orlik hydraulic structure of about 1.1 million
m?, the water footprint of Orlik dam is 451 million m?, or (considering 100 years
of service life) 4.51 million m®per year. The calculated annual evaporation from
Orlik reservoir is 15.5 to 171 m*in individual years. Subsequently, converting it to
a unit of electricity generated, it is 0.26 to 3.09 m>*MWh™in monthly steps, and
0.81t0 1.51 m*MWh™in yearly steps. These are not negligible values, particularly
when the “net balance” method is applied.

In the completed study, all inputs and outputs of the reservoir system were
allocated to electricity generation. Orlik reservoir, however, is not just for gener-
ating power, but (like most of the reservoirs around the world) it is a multi-pur-
pose facility [25]. In addition to electricity generation, it provides environmen-
tal functions (improved flow), flood protection, water collection, navigation,
fishing, sport, and recreation. Therefore, the total water use should be redis-
tributed (allocated) to all these uses, which will reduce the values of the water
footprint determined for electricity generation. However, research on alloca-
tion methods for individual water uses is still very limited, and even studies
that have included allocations for different uses in water footprint calculations
use different methods [1, 26]. Different allocation methods can be used in the
settings of the Czech Republic; specification through the economic value of
individual uses provided by reservoirs is perhaps the most universal way. While
expressing the economic value of both the electricity generated and the raw
water collected is relatively easy due to the existence of a price, expressing the
value of other uses is a task suitable for economists. It should also be noted that
global research (especially in areas with limited water resources) also addresses
the opposite role, i.e. how to use the water footprint to allocate water found
in the reservoir as efficiently as possible for each use in order to achieve maxi-
mum benefits [27].

LCA water footprint

Calculation of regionalized values of the characterization factors for both mod-
els selected is identical, in principle; it differs only in different reference values,
including the water needed for the ecosystems in the AWARE model and limit-
ing the CF, . Values to an interval of <0.1; 100). The characterization factors for
both models have a relatively similar behaviour in individual months, although



Tabulka 2. Hodnoty LCA vodni stopy VE Orlik v rocnim kroku [m*MWh]
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fwua AWARE
Rok - - . -
Hruba spotfeba Cista spotfeba Cista bilance Hruba spotfeba Cista spotfeba Cista bilance
2006 95,8 12,6 -59E-07 19,7 2,6 -1,2E-07
2007 292,5 312 -1,6E-06 734 78 -41E-07
2008 3074 30,5 6,8E-07 79,2 79 1,7E-07
2009 1309 13,8 -1,4E-06 28,2 30 -3,JE-07
2010 Nn4,2 83 -14E-06 24,5 18 -3,0E-07
20m 31,6 26,8 -2,8E-07 82,0 70 -/,5E-08
Table 2. LCA water footprint values of Orlik HPS in yearly steps [m*MWh']
fwua AWARE
Year Gross . Gross )
A Net consumption Net balance . Net consumption Net balance
Consumption Consumption
2006 958 126 -5.9E-07 197 26 -1.2E-07
2007 2925 312 -16E-06 734 78 -41E-07
2008 3074 305 6.8E-07 792 79 17E-07
2009 130.9 13.8 -14E-06 28.2 3.0 -3.1E-07
2010 114.2 83 -14E-06 24.5 1.8 -3.0E-07
20M 316 26.8 -2.8E-07 82.0 70 -/5E-08
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Fig. 4. LCA and volumetric water footprint — gross consumption
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Obr. 6. LCA a bilan¢nf vodni stopa — ¢istd bilance
Fig. 6. LCA and volumetric water footprint — net balance
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Studie LCA jsou vzdjemné problematicky porovnatelné, protoze obvykle
vychdzeji z rozdilnych predpokladd a aplikace zjednoduseni i charakterizac-
nich modell. Pomoci charakteriza¢niho modelu fwua a pfi pouziti stejné
metody regionalizace byla stanovena LCA vodni stopa 32 teplaren a uhelnych
elektrédren, pficemz nebyly uvazovany jiné procesy nez samotnd vyroba elek-
trické energie v téchto provozech. Hodnota LCA vodni stopy téchto provozi
se pohybovala mezi 1,3 az 12,8 m*>MWh [13]. Dalsi studii LCA vodni stopy pred-
stavuje studie jadernych elektraren Temelin a Dukovany, kde byl pouZzit regio-
nalizovany charakteriza¢ni model fwua a pro stanoveni ztrat z vodnich nadrzi
byl uvazovan pouze vypar [28]. Hodnoty LCA vodni stopy v ro¢nim kroku pro
JE Temelin se pohybovaly mezi 6,1 az 77 m*MWh™ a pro JE Dukovany mezi 15,0
az 16,5 m*>MWNh™. Na tyto dvé jaderné elektrarny byl aplikovén i model AWARE
opét s uvazovanim pouze vyparu [29] a hodnoty LCA vodni stopy v ro¢nim
kroku pro JE Temelin se pohybovaly mezi1,3 az 1,6 m*MWh™ a pro JE Dukovany
mezi 3,2 az 3,5 m>*MWh.

ZAVER

Studie vodni stopy vodnf elektrarny Orlik prokdzala nékolik vyznamnych sku-
te¢nosti, které je tfeba mit na paméti pfi realizaci dalsich studif vodni stopy.
Jako nejvyznamnéjsi je jednoznacné volba zpUsobu vypoctu uzivani vody.
Metoda ,hrubé spotieby” uvazuje pouze vypar z nadrze a mé tedy jasnou zavis-
lost na pribéhu meteorologickych veli¢in béhem roku. Zaroven vykazuje nej-
vy$si hodnoty vodni stopy. Metoda ,cisté spotfeby” odecitd od vyparu z hla-
diny hodnotu vyparu z plochy povodi pfed vystavbou nadrze. Ackoliv je tato
metoda v poslednich letech hojné vyuzivéna pro vypocet vodni stopy hydro-
elektréren, je jejf spradvnost diskutabilni. Jako vhodnou metodu Ize doporucit
metodu ,cisté bilance”.

Dalsim vyznamnym aspektem, ktery ovliviiuje hodnotu vodni stopy vztaze-
nou na produkovanou jednotku elektrické energie, je otazka alokace. V Ceské
republice prakticky vSechny vodnf nddrze poskytuji nékolik uzitkd, vztahovat
tedy veskeré uzivani vody jen k jednomu uZzitku (napf. k vyrobé elektrické ener-
gie) je metodicky nespravné. Postupy alokace uzivani vody na jednotlivé uzitky
poskytované vodni nadrzi vsak nejsou dosud standardizovany.

Poslednim vyznamnym aspektem je otdzka zanedbani faze vystavby a likvi-
dace vodniho dila. Ackoliv jsou tyto faze Zivotniho cyklu vodni elektrdrny v glo-
bélnich studiich obvykle zanedbény s oddvodnénim, ze se ,rozpusti” béhem
zivotniho cyklu do zanedbatelnych hodnot, orientacni vypocet na zékladé lite-
rarnich Udaji ukazal, Ze pro vodni elektrarnu Orlik se nemusi jednat o zane-
dbatelna ¢isla, zvlasté pfi pouziti metody ,Cisté bilance” a ¢astecné i pfi pouZitf
metody ,Cisté spotfeby”.
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