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SOUHRN

V Ceské republice je 56 % elektrické energie a 78 % verejné distribuovaného tepla vyrabéno
z fosilnich paliv, prevainé ztuzemského hnédého uhli. TéZba hnédého uhli je omezena
vladnimi Gzemné ekologickymi limity. Ceskd republika, jeden z nejvyznamnéjsich exportér(
elektrické energie v Evropé, ma v soucasné dobé ambicidzni energetickou koncepci. Zavislost
Ceské energetiky na hnédém uhli se ma sniZit o vice nez 2/3 do roku 2040. V poslednich dvou
letech byly zaznamenany zaméry nékterych provozovatell méstskych teplaren nahradit
hnédé uhli smésnymi komunalnimi odpady.

Cilem prace bylo vyhodnotit dopady sektoru ceské energetiky (odvétvi spalovani fosilnich
paliv) na Zivotni prostfedi pomoci analyzy materialovych tokd (MFA). Sektorovd analyza MFA
byla provedena na zdkladé identifikace a kvantifikace tokd jednotlivych typl materialQ.
Analyza tokd latky (olova, ptiloha 5) totiz ukdzala, Ze v prostfedi Ceské republiky jsou
dostatecné datové zdroje pro provedeni sektorové analyzy MFA. Extrapolaci vysledki
sektorové analyzy MFA byla ovéfena statni energeticka koncepce. Souvisejici analyza byla
zamérena na MFA v systémech vyroby tepla spalujicich smésné komunalni odpady, hnédé uhli
a zemni plyn. Dopady povrchové tézby hnédého uhli na krajinu nebyly ani v jednom z pfipad
analyzovany, protoze indikatory zaboru/vyuzivani krajiny nejsou s indikatory materialovych
tokd kompatibilni (pfiloha 3).

Vstupy Ceské energetiky pfi vyuzivani fosilnich paliv byly v roce 2015 pfiblizné 36 milionl tun
(v€etné 1,3 milionu tun vdpence), zpracované vystupy 56 milion( tun. Z navazujici prognozy
materidlovych tok( plyne, Ze Ceskd energeticka koncepce pravdépodobné nebude spinéna.
Tato skutecnost mUze vést k vyznamnému snizeni exportu elektrické energie do okolnich zemi
po roce 2025. Pfipadny import nebo pokracovani tézby hnédého uhli za limity mlze vést
k nesplnéni mezindrodnich zavazk( z ddvodu nizkych emisnich strop(i na NOx a SOz (pfiloha 1).

Analyza systému vyroby tepla (ptiloha 2) ukdzala, Ze spalovani smésnych komundlnich odpadi
mélo pfiblizné o 50 % horsi dopady na Zivotni prostfedi v kategoriich acidifikace a tvorba
dopady na zZivotni prostiedi s vyjimkou spotfeby fosilnich paliv a globalni zmény klimatu.
Pti nahrazovani hnédého uhli tak maze byt vhodné spalovani smésnych komunalnich odpadu
a zemniho plynu, pfipadné jiného environmentalné pfiznivéjsSiho zdroje. PFi posuzovani
dopadl kogeneracni vyroby elektrické energie a tepla na Zivotni prostredi je dllezité vhodné
definovat funkéni jednotku — sumu tepla a elektrické energie, nebo teplo na vystupu z kotle.
Sektorova MFA (priloha 1) byla shleddana vhodnym nastrojem pro posuzovani dopad(
koncepci na Zivotni prostredi.

Klicova slova: MFA, hnédé uhli, energetické vyuzivani odpad(, surovinova politika,
indikatory dopadu



SUMMARY

Fossil fuels, mostly brown coal, are resources used for generating 56% of electricity and 78%
of heat that is distributed over the public network in the Czech Republic. Brown coal mining is
limited by territorial ecological bans (Czech government act). The Czech Republic, which is one
of the largest exporters of electricity in Europe, currently has an ambitious energy policy.
Brown coal consumption of Czech energy sector should decrease by more than 2/3 by 2040.
Some operators of urban heating plants are considering replacing the brown coal with a mixed
municipal solid waste. The environmental impacts of the Czech energy sector were assessed
using a material flow analysis (MFA). MFA on the sectoral level was based on the identification
and quantification of each material flow of Czech fossil energy sector.

The previous analysis of substance flows (lead, Appendix 5) has shown that there are sufficient
data sources for MFA on sectoral level in the Czech Republic. The Czech energy policy was
verified by extrapolating the results of sector MFA (Appendix 1). The related MFA (Appendix 2)
was focused on heat generation systems combusting mixed municipal solid waste, brown coal
and natural gas. The impacts of surface brown coal mining on the landscape were not
assessed, as the indicators of land occupation/land use change are not compatible with
material flow indicators at present, as showed in Appendix 3.

The inputs of the Czech energy sector were approximately 36 million t (including 1.3 million
tons of limestone) and processed outputs 56 million tons in 2015. Results showed that the
Czech energy policy may not be fulfilled. This may cause a significant reduction of electricity
exports to the neighbouring countries after 2025. Importing of the brown coal or the
continuation of brown coal mining in banned areas may result in exceeding of international
obligations on NOX and SO2 emission ceilings.

The MFA of heat production systems revealed, that the combustion of mixed municipal solid
waste has an approximately 50% higher impact value in the categories of acidification and
ground-level ozone formation, in comparison to the brown coal. Combustion of natural gas
has the lowest environmental impact, excluding fossil fuels consumption and global warming
potential categories. Therefore, a combination of mixed municipal solid waste and natural gas,
or another, more environmentally friendly source, may be appropriate in case of replacing the
brown coal. It has been found that the definition of a functional unit is crucial for assessing
the impacts in case of electricity and heat cogeneration. The sum of electricity and heat used,
or heat of superheated steam before use, should be used for comparative MFAs.

The MFA on sectoral level can be a useful tool for assessing the environmental impacts of
some important strategies.

Keywords: MFA, energy, brown coal, lignite, waste-to-energy, raw material policy,
environmental impact indicators



Seznam zkratek

MFA Analyza materidlovych toku

ASVEP Asociace pro vyuziti energetickych produktl

DMC Domaci materialova spotireba

DMI Domaci materialovy vstup, pfipadné pfimy materialovy vstup
DPO PFimy zpracovany vystup

ECOBA Evropskd asociace pro produkty vznikajici spalovanim uhli
GWP100 Potencial globalni zmény klimatu béhem pfistich 100 letech
HDP Hruby domaci produkt

ISOH Informacni systém odpadového hospodarstvi

LCA Posuzovani zivotniho cyklu

MPO Ministerstvo prdmyslu a obchodu Ceské republiky

MZP Ministerstvo Zivotniho prostfedi Ceské republiky

NACE Klasifikace ekonomickych Cinnosti

NAS Prirtstek zasob

PM10 Céstice o nejvétsim rozméru < 10 pm

R Recyklace, vyuZiti odpadu, podle vyhl. ¢. 383/2001 Sb.
RMC Spotreba prirodnich surovinovych zdroju

RMIS Informacnim systému o surovindach

SEA Hodnoceni dopad( koncepci na Zivotni prostredi

SEEA 2012 Systém environmentalné-ekonomického ucetnictvi

SFA Analyza toku latky

Uc Mira cyklického vyuziti materidlu

VOC Tékavé organické latky
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1. Uvod

Dopady lidskych ¢innosti na Zivotni prosttedi planety se v historii ménily v souvislosti s pokroky
pfi vyuzivani energie, materidll a krajiny. Pocatky fizeného vyuZivani energie, zejména tepla
ohné, jsou do soucasnosti predmétem vyzkumu archeologli (Gowlett a Wrangham, 2013),
vyhody jeho vyuzivani v pfipravé stravy nebo zpracovani kovu v historickych obdobich jsou
vsak obecné znamy. | pfes vyznamné dopady zemédélské Cinnosti Clovéka na geobiosféru
v dfivéjSich obdobich povaZuje Crutzen (2002) za pocatek sou¢asného geologického obdobi —
antropocénu — aZz vynalez parniho stroje z roku 1784. Jakkoliv miZe byt takova definice
pro vymezeni nového geologického obdobi nedostate¢nd (Hamilton, 2016), je nesporné,
Ze objev ucinnych zplsobl prenosu tepelné energie z hoficiho paliva na energii pohybovou
s jejim naslednym vyuZitim umoznil nejrychlejsi rlist svétové populace ¢lovéka v jeho historii,
zejména pak po roce 1945 (UNFPA, 2012). BEhem antropocénu narostl globalni hospodarsky
vykon 120krat (méfeno jako nardst hrubého domaciho produktu) a byl doprovazen ristem
spotfeby nerostnych surovin jako zdroji energie a pro vystavbu infrastruktury (Smil, 2015).
V soucasné dobé tvori materidlové vstupy do vyroby energie znacny podil vstupl materidld
do socioekonomického systému ve vSech rozvinutych zemich, v Evropské unii tvoti fosilni
paliva a energeticky vyuZivana biomasa pfiblizné 38 % vsech vstupujicich materiald,
pfi jejichz vyuzivani vznikd 54 % vSech Skodlivych emisi uvoliiovanych do ovzdusi a 27 %
vSech tuhych a kapalnych odpadd na strané vystupu (European Commission, 2018a). Toky
energeticky vyuZivanych surovin lze stdle povazZovat za oteviené a lze tak oekdvat, Ze vyroba

jednotlivych forem energie bude i nadale patfit mezi hlavni zatéze pro Zivotni prostredi.

Potfeba sledovani dopadl socioekonomického systému na Zivotni prostfedi vedla jiz
od poloviny 60. let 20. stoleti krozvoji rfady indikdtorl spojenych se vstupy a vystupy
materiall. Wolman (1965) publikoval ¢lanek s ndzvem Metabolismus mést, dle kterého Ize
na socioekonomicky systém meésta pohlizet jako na samostatny Zivy organismus zavisly
na vstupech surovin ze svého okoli a produkujici vystupy vypousténé do vsech slozek Zivotniho
prostfedi. Vté dobé jiz bylo moino vyuZivat metody a data o vstupech a vystupech
od ekonomdu, ktefi sledovali vstupy a vystupy v monetarnich jednotkach (Leontief, 1966)
s predpokladem, Ze tyto vstupy a vystupy provazeji velmi Casto také toky materidld nebo
energii. Byly zavedeny terminy jako primyslovy (Ayres, 1989) nebo spolecensky (Fischer-

Kowalski, 1998) metabolismus. Zajimavosti je, Ze sledovanim socioekonomického systému
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jako metabolismu Zivého organismu se intenzivné zabyval také Lohm, entomolog

se zamérenim na spolec¢ensky hmyz, zejména mravence (napt. Lohm et al., 1994).

Analyza materialovych tok( (z angl. Material flow analysis — MFA) je ve skutecnosti souborem
metod pro sledovani tokd materidll, energii, prostoru, Zivych organism( nebo informaci,
a to vstupl, vystupl a stavu zasob socioekonomickych systému definovanych v prostoru
a Case (Bringezu a Moriguchi, 2018). Interdisciplinarni pfistup pak pfinasi fadu dalSich
zpUsobdl, jak znalosti materidlovych tokd vyuzit v rdmci hospodarskych zajm(, ochrany
zivotniho prostredi nebo socidlniho rozvoje spole¢nosti. Znalost indikatort materidlovych toku
Ize tak vyuzit v ramci vSech tfech pilitd (ekonomického, environmentdlniho a socidlniho)
dlouhodobé udrZiteIného Zivota (Meadowcroft, 2009). Obecné principy MFA a zdakladni
pouzivané metody, které jsou stale rozvijeny, byly podrobné popsany v knize, kterou editovali

Brunner a Rechberger (2003).

Predkladand prdce se na zabyva hodnocenim nejvyznaméjsich materidlovych tokl v sektoru
energetiky, tedy vsektoru, ktery zasadné ovliviiuje kvalitu Zivota spolecnosti, a dale
hodnocenim dopadu téchto materidlovych tok( na Zivotni prostfedi. Pro Gcely prace byl sektor
energetiky Ceské republiky definovan jako vyroba a rozvod elektrické energie a tepla, které
jsou distribuovany pomoci verejnych siti, tedy jako NACE 35 v souladu s Evropskou klasifikaci
ekonomickych ¢innosti (NACE - Nomenclature générale des Activités économique) odvozenou
od Mezindrodniho standardu klasifikace ekonomickych ¢innosti OSN (UN, 2008).
Analyzovanym odvétvim byla vyroba elektrické energie a tepla z fosilnich paliv v ramci sektoru
energetiky Ceské republiky, dle &eské klasifikace ekonomickych ¢innosti CZ-NACE 35.10
a 35.30.1.



2. Soucasny stav reSené problematiky

Sektorova analyza MFA je v soucasné dobé teprve rozvijena. Z toho dlivodu bylo tfeba vyuZzit
zaklady analyzy MFA na makroekonomické urovni a tyto vhodné doplnit znamymi metodami
vyuZivanymi pfi analyze vstup( a vystupl na nizSich ekonomickych drovnich. Vysledky MFA

bylo mozné vyuzit pfi stanoveni hodnot vybranych indikatorli dopadu na Zivotni prostredi.

2.1 Analyza materialovych tokii

Analyza MFA je souborem rliznych metod, jejichz cilem je zjistit naroky Zivota clovéka
na zivotni prostredi. Na rliznych ekonomickych urovnich je pomoci MFA mozno urcit vstupy
material(, vystupy materiali, zménu stavu zasob sledovaného systému, ktery je definovan
v prostoru a ¢ase. MFA je proto vhodna pro analyzu jednoho vyrobniho kroku v tovarné, stejné
jako pro analyzu socioekonomického systému statu, kontinentu nebo celé Zemé (Brunner
a Rechberger, 2003). Pfitom by MFA méla vidy dbat na zdkon zachovani hmotnosti a energie
stanovenim nasledujicich bilan¢nich rovnic:

xm; =Yxm, + Amg (1),

kde m; je hmotnost vSech vstupl, mo, je hmotnost vSech vystupl a Ams je rozdil hmotnosti
zasob, a:

Ye =Xe,t+ Ae (2),

kde e; je veSkera vstupni energie, e, je veskera vystupni energie a Ae;s je rozdil zdsob energie.

2.1.1 Santoriova analyza a vyrobni systém jako Zivy organismus

Pro priblizeni postupl MFA je mozno vyuzit priklad analyzy vstupl a vystupl metabolismu
lidského organismu, kterou proved! italsky |ékaf Santorio (1561-1636). Ten sestavil tzv. ,vazici
zidli“, na které po dobu 30 let vazil sebe i své pacienty (obrdzek 1). Santorio tak vlastné
zkoumal vstupy, vystupy a zménu zdsob metabolismu ¢lovéka a doSel k tehdy prekvapivému
zavéru, Ze na 8 kg potzitého jidla a piti vznikne pfi zachovani hmotnosti organismu pouze 3 kg
vystupu v podobé vykald. Zabyval se také vyluCovanym potem, dosSel ale k hypotéze,
Zze hmotnost se ,ztraci” respiraéni Cinnosti, prestoze hmotnost vdechovanych

a vydechovanych plynl neznal.
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Obrazek 1: Santoriova ,vaZici Zidle“. Santorio
(1614) dospél k hypotéze, Ze vice neZ polovina
hmotnosti vystupl zlidského organismu
je produkovana respiracni ¢innosti.
' Hmotnostni bilance zndmych vstupl a vystupl
= —~— — v pfipadé jeho organismu nebyla béhem
sledovaného obdobi vyrovnang, prestoze jeho
' hmotnost zlstala nezménéna. Oxidacni
procesy a zakon o zachovani hmotnosti byly
znamy az po vice nez 100 letech po jeho smrti,
L~ proto Santorio nezahrnul do analyzy hmotnost
spotfebovaného kysliku a produkovaného

oxidu uhlicitého.

Na vyrobni systém znazornény na obrazku 2, ktery vyrabi elektrickou energii a teplo z fosilniho
paliva, lze pohlizet podobné jako na Zivy organismus. Podobnym zplsobem lIze nahlizet
na celou ftadu ekonomickych <cinnosti c¢lovéka. Hranice systému Ize nastavit
na mikroekonomické Urovni kolem jednoho vyrobniho kroku v tovarné, kolem celého
vyrobniho, distribu¢niho ¢i obchodniho systému, nebo na makroekonomické urovni kolem

narodniho hospodafstvi statu nebo svétadilu.
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Obrazek 2: Pohled na vyrobni systém jako na Zivy organismus se vstupy a vystupy. MnozZstvi uhliku
vystupujiciho z tohoto vyrobniho systému ve formé CO, do atmosféry predstavuje ptiblizné 57 %
hmotnosti vstupujiciho cerného uhli (Spath et al., 1999). Pomér vstup(l a vystupl CO; je tedy podobny
jako v pripadé lidského organismu zkoumaného Santoriem. V pfipadé makroekonomickych MFA je
pravidlem, Ze toky vody jsou zanedbany s vyjimkou vody chemicky vazané a vody obsaZené
v materidlech.

»Ekologie” ekonomického systému (tedy vztahy mezi posuzovanym ekonomickym systémem
a jeho okolim) se také do urcité miry podobd ekologii Zivého organismu. Prikladem muze byt
Liebigliv zakon minima, ktery plati pravdépodobné i pro vyrobni systémy. Analyza toku
limitujiciho prvku, latky nebo materidlu (Substance flow analysis — SFA) proto sleduje toky
strategickych surovin (fosilni paliva nebo biomasa vyjadiena jako mnoZstvi C) nebo biogennich
prvka (N, P) ¢i kovovych prvka (Cu, Pb, Ni apod.) (Huang et al., 2012). SFA je v soucasné dobé
rozSitenou metodou, kterd slouzi kanalyze toku Ilatky ekonomickym systémem.
SFA obvykle kombinuje data ziskana ze statistickych zdroji s daty ziskanymi u korporaci (napfr.

Wang et al., 2015; Chowdhury et al., 2016; Zeng et al., 2018).

2.1.2 Aplikace analyzy materialovych toku

Environmentalni inZenyrstvi bylo popsano jako: 1) studium vzniku, pohybu, osudu a ucinku
latek v Zivotnim prostredi; 2) navrh a realizace prevence a zmirfiovani nasledkd poskozeni
zivotniho prostredi (Valsaraj, 2000). Cilem environmentalniho inZenyrstvi je vtomto sméru
zejména (ad 1) zajistit, Ze toky latek jsou udrZzovany na takové Urovni, kterd neohrozi zdravi
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lidi, dostupnost zdrojli a fungovani pfirodnich systémud, a také (ad2) aby souvisejici
ekonomické naklady (externality) byly vynakladany zucastnénymi subjekty. MFA se pouZziva
ke studiu tok( latek ziskdvanych v Zivotnim prostiedi a jejich dalSim osudu. MFA tak Ize pouzit
naptiklad k fizeni osudu Zivin v povodi, k podkladiim pro navrh &isténi splaskovych vod,
pro zjisténi mnozstvi znecistujicich latek v pldé, fizeni strategii pro omezovani znecistovani
ovzdusi nebo nalezeni hlavnich zdroji znedistujicich latek (Brunner a Rechberger, 2003).
Na zakladé znalosti materidlovych tokd Ize ndsledné vyhodnotit Uroven dopadu na Zivotni
prostiedi pomoci dalSich metod, umoznujicich kvantifikaci dopad(i a porovnavani jednotlivych
kategorii dopadu, napf. metody posuzovani Zivotniho cyklu (Life cycle assessment - LCA, Koci,
2009). Vysledky LCA by mély byt vyuZivany pfi spravedlivé distribuci nakladd na ochranu
Zivotniho prostredi a uplatfiovani pravidla ,znecistovatel plati“ (Jonas, 1983; Swarr et al.,

2016).

Ehrenfeld (1997) definoval zakladni principy pramyslové ekologie jako: 1) moZnosti fizeni
vyuzivani material( a pramyslovych procest, 2) vytvoreni prliimyslovych procest umoznujicich
uzavirani materidlového toku, 3) dematerializace vystupu, 4) optimalizace vyuZivani energie,
5) vyrovnani vstupt a vystupl pradmyslu s ekosystémovymi kapacitami. V téchto pripadech ma
MFA nezastupitelnou ulohu, zejména pfi vytvareni podkladd. Ad 1): Vlastni znalost tokl zbozi
(napf. paliv, stavebnich minerald, oceli nebo hnojiva) a latek (napfr. C, Fe, Al, K, P, Cd nebo Hg)
je dulezita pro rizeni jejich efektivniho vyuziti. Ad 2): Znalost kvality a kvantity vystupt procest
na strané jedné a vstupl jinych procesli umozZnuje vytvorit nové procesy, které vyrobi
z plvodné nepouzitelnych vystupl vstupy do procest stejnych nebo jinych, ¢imz dojde
k uzavieni materidlového toku. MFA také muze poukazat na zbytecné zdsoby nékterych
material( v posuzovaném systému. Uzavirani materidlovych tok( vyZzaduje také podrobnou
znalost zmény kvality materidlu, protoZe v nékterych pfipadech dochazi k jeho kontaminaci.
Pti uzavirani materidlovych tok( hrozi urcita rizika, napf. pfi vyrobé betonu z elektrarenského
popilku obsahujictho nebezpeéné Ilatky nebo pfenos choroby bovinni spongiformni
encefalopatie (tzv. nemoc Silenych krav) pfi opétovném vyuzivani zivocisnych bilkovin. Ad 3):
Dematerializace lze dosahnout také sdilenim produktd (napf. sdileni vozidel); nebo
technologickym zlepSenim konstrukci produktl (napt. lehci obaly, vyuZiti pevnéjsich materialt
v mensim mnoizstvi, prodlouZeni Zivotnosti vyrobkld apod.), pfipadné organizaci prace

(sménny provoz). Ad 4): Typickym pripadem optimalizace vyuZivani energie je kogeneracni
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vyroba elektrické energie a tepla v pfipadé jejich efektivniho vyuziti. K optimalizaci vyuzivani
elektrické energie a tepla Ize dosahnout také logistickymi opatifenimi, které brani vykyvim
ve spotfebé energii, nebo synchronizuji okamzitou spotiebu energii s moznostmi jejiho zdroje.
Seskupenim vyrobnich procesd mizZe vzniknout takzvand prlimyslova symbiéza, ve které
se jednotlivé primyslové procesy dopliiuji a vyuzivaji materidlové toky a energie efektivné.
Pfikladem mulzZe byt danské mésto Kalundborg, které je nazyvdno ,prlimyslovym
ekosystémem®. Mezi tovarnami je vyménovana celd fada vyuzitelnych materiald (zachycené
popilky, sira, kaly a podobné) a energie, zejména odpadni teplo z vyroby elektrické energie,
ato vokruhu 3 km (Chertow, 2000). Primyslové ekosystémy jsou obvykle spontanné
vytvareny z dlivodu financnich uspor, ekonomickou vyhodou pak muze byt i jejich vysoka
stabilita (Ashton et al., 2017). Ad 5): Vyrovnani vstup( a vystupl prlmyslu s ekosystémovymi
kapacitami vyZaduje znalosti toku latek kombinovat se znalostmi o zasazenych ekosystémech
v okoli, zejména znama schopnost tolerance ekosystém( na miru znecisténi jednotlivymi
znecistujicimi latkami.

Za zdroje socioekonomického systému lze povazovat kromé materiadl( a energii také prostor,
Zivé organismy, tzv. lidské zdroje nebo informacni zdroje (Brunner a Rechberger, 2003). Pokud
se vSak MFA zabyva pouze materidly a energii, je tfeba rozliSovat mezi zdroji primarnimi
a sekundarnimi, mezi néz patfi i odpady. Odpady v mnoha pfipadech prestaly byt vystupem
do Zivotniho prostredi, ale jsou chapany jako zdroje pfi uzavirani materidlovych toku.
Odpadové hospodafistvi se stalo celé soucasti fizeni zdroji a v praxi je velmi slozZité oznacit
néco za odpad, protoze sam termin odpad ztraci svlij vyznam. Politika , prevence vzniku
odpad(“ stale vice prechdazi k,materidlové udrzitelné politice”, kterd uzndva jednotlivé
odpady jako sekundarni zdroj (Silva et al., 2017), ktery neopousti posuzovany
socioekonomicky systém. Pfi vyuzivani zdroji béhem celého Zivotniho cyklu, véetné faze, kdy
Ize materidl nazyvat odpadem, existuji obecné cile: chranit lidské zdravi a Zivotni prostfedi;
zdroje surovin, energie a prostor; vyhnout se ukladani odpadd na skladky, které potrebuji
dlouhodobou ndslednou péci. VySe uvedené cile jsou ve vyspélych zemich ¢&asteéné
implantovany do pravnich predpisG. V Evropské unii vychazeji tyto cile pfedevsim z predpist
vztahujicich se pfimo na odpadové hospodarstvi (UN, 2014; Winans et al., 2017). Na fazi
ziskdvani surovin, vyrobu a spotfebu maji predpisy platné v Evropské unii jen omezeny vliv

(napf. v pfipadé oball, baterii a akumulatorli, pneumatik a elektrospotiebicl). Situaci
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by mohla zménit Smérnice Evropského parlamentu a Rady (EU) 2018/851, kterou se méni
smérnice 2008/98/ES o odpadech a souvisejici zména ndrodnich predpist. Prechod
na tzv. obéhové hospodarstvi mize vyZzadovat néktera omezeni ve fazich vyroby a spotreby.
Nékteré vystupy zvyrobnich procesi navic tyto predpisy (napfr. zdkon 185/2001 Sb.
o odpadech, v platném znéni; Smérnice 2008/98/ES o odpadech, v platném znéni) vylucuji
ze své pusobnosti, napf. jako vedlejsi produkty, ¢imz je komplikovdna evidence jejich dalSich
tokU. Tato skutecnost sice mlize napomoci uzavirani materialovych cykl, materidlové toky
ale pak nelze v Ceské republice v mnoha dalsich zemich Evropské unie kontrolovat. Pfikladem
jsou vedlejsi produkty a vyrobky z energetiky, tedy rlizné druhy popelovin (Shih a Ma, 2011)
a produkttd cisténi spalin (Zhao et al., 2018), které spini normy pro stavebni suroviny nebo
vyrobky a mohou byt dale vyuZivany zplGsoby obvyklymi pro obdobné pfirodni materidly i pres

urcitad rizika pro Zivotni prostredi a zdravi.

Leontief (1928) ve své praci ,Ekonomika jako cyklus“ uvedl, Ze bohatstvi jako hmota
(vyjddfena monetarni jednotkou) je omezené a jeho ¢&ast cirkuluje mezi jednotlivymi
ekonomickymi ¢innostmi (napf. vyrobnimi procesy). O jedno stoleti pozdéji Ize napft.
v USA, Japonsku a Jizni Koreji (Stahel, 2016) nebo Ciné (Su et al., 2013) a Evropské unii
(European Commission, 2018a) ocekavat ptichod politiky tzv. ,,cirkularni ekonomiky” pripadné
»0béhového hospodarstvi“, pfi jejiz realizaci bude nutno sledovat nejen toky odpad(, ale
obecné toky materialli, které by mohly byt nebezpecné pro lidské zdravi, Zivotni prostredi
nebo by byly nelnosné pro stabilitu dotéenych ekosystémi. Nové strategie
s sebou nesou nutnost sjednoceni predpist v oblasti chemickych latek, produkti a odpad
(European Commission, 2018b) a dotykaji se tak vSech fazi Zivotniho cyklu produktl a sluzeb.
Analyza materidlovych tokd se stala zakladnim nastrojem pro fizeni obéhového hospodafstvi.
Zajimavosti je, Ze v Evropské unii, Japonsku a USA je obéhové hospodarstvi prosazovano
od odpad(i smérem nahoru k vyrobctim, zatimco v Ciné se jedna o politicky cil prosazovany
od vyrobcll smérem k odpadim (Ghisellini et al., 2016). Priklady ndstroji analyzy MFA jsou

znazornény na obrazku 3.
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Typy politik Témata politik (pFiklady)

UdrZitelny rozvoj
Strategie, programy UdrZitelna vyroba a spotfeba

>

makro

Obéhové hospodarstvi

(]
8
o
E § Sektorové koncepce Energeticka koncepce
2 E Surovinova politika
@ ,g Politika nakladani s odpady
% o |[§ I0A | msa = Ochrana krajiny
2 ¢ |3 PIOTs, NAMEA 5 Ochrana pudy
= S - .
S E é. ’ a Ekonomické néstroje ~ Ochrana ovzdusi
Ochrana prirody a krajiny

Ochrana vodnich zdroju

Podnikova MFA Dobrovolné dohody

Nakladani s nebezpecnymi
odpady

mikro

<

Regulaéni nastroje
Chemické latky a prostiedky

I ; Integrovana prevence a
Materidly, dzemi omezovani zneéistovani

Ekonomické aktivity, produkty

Obrazek 3: Znazornéni prikladd nastroju analyzy MFA a jejich zafazeni podle OECD (2008). Vzhledem
k soucasné Urovni pozndni existuji také LCA provedené na mesourovni.

EW-MFA — Ugetnictvi materidlovych tokl pro celé hospodafstvi. Narodni nebo nadnarodni
makroekonomicka uroven (EU-28). Kvantifikuje vSsechny toky materidlu na hranici systému. Pfinasi
agregované informace o celkovych tocich materiali nebo zakladnich skupin material(l pres hranice
sledovaného ekonomického systému.

IOA — Analyza vstupl a vystupU, pfipadné modelovani vstupl a vystup(. VyuZiva PIOTs — tabulky vstupt
a vystupll, které zaznamenavaji vstupy a vystupy nékterych nebo vsech materidli pro jednotliva
ekonomicka odvétvi véetné tokd meziproduktl mezi odvétvimi, pripadné NAMEA — disagregaci
materidlovych tokl podle jednotlivych odvétvi na hranici pfirodniho a ekonomického prostredi,
pripadné uréitém mezistupni.

Podnikovda MFA — Analyza materidlovych tok(l pro systém korporace, vyrobniho zdvodu nebo
vyrobniho postupu za Ucelem nalezeni moznosti efektivnéjsiho vyuzivani zdroji nebo omezeni
nékterého.

LCA — Analyza Zivotniho cyklu, pfipadné analyza dopadu Zivotniho cyklu. Zabyva se Zivotnim cyklem
produktu nebo sluzby, pfipadné dopady Zivotniho cyklu na Zivotni prostredi.

MSA — Analyzy systému materidlu. Zabyva se materidlovymi toky spojenymi s vybranym materidlem,
Zivotnim cyklem materidlu, dostupnosti materidlu. Obvykle se zaméfruje na materidly, které vzbuzuji
obavy zdlvodu zabezpeceni jejich dodavek nebo environmentalnich duisledkd jejich vyroby
a spotreby.

LSA — Analyza tokl latek nebo materialQ v lokdlnim systému. Zaméfuje se na toky na Uzemi mésta,
v povodi feky apod.

SFA — analyza toku latky. Zamétuje se na Zivotni cyklus vybrané chemické latky. Obvykle se zamétuje
na latky, které vzbuzuji obavy z dvodu zabezpeceni jejich dodavek nebo environmentalnich disledkd
jejich pouzivani.

2.1.3 Uéetnictvi materialovych toki

Ucetnictvi materidlovych tokd poskytuje informace o mnoizstvi jiz identifikovanych materialG
v celém ekonomickém systému, jejich vstupech a vystupech. Na narodni Urovni ziskana data
je moZné vzajemné porovnavat z ddvodu mezindrodni standardizace metod pfi jejich ziskavani

a vyhodnocovani (Fischer-Kowalski et al., 2011). Mezindrodné uzndvanym standardem
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pro ucetnictvi materidlovych tokd je Systém environmentdlné-ekonomického Ucetnictvi 2012
- centralni ramec (SEEA 2012, System of Environmental-Economic Accounting 2012 — Central
Framework; UN, 2012). SEEA 2012 je standardem pro méreni interakci mezi ekonomikou
a Zivotnim prostredim. Na zakladé metodiky SEEA 2012 jsou ze zemi EU predavany vykazy uctl
materidlovych tokd podle Nafizeni (EU) ¢. 691/2011 o evropskych environmentélnich
hospodarskych uctech. Soucasti SEEA 2012 jsou (vedle fady dalSich oblasti) popsany standardy
tykajici se ucetnictvi fyzickych tok( energii, vody a materidl(. Mezi fyzické toky materiald
se dle SEEA 2012 fadi toky produkt(, toky emisi do ovzdusi, toky emisi do vody, toky pevnych
odpad a toky materidld ekonomickym systémem. Ucelem ucetnictvi tokd materidld
ekonomickym systémem, zkracené ucetnictvi materidlovych tokd, je poskytnout souhrnny
prehled materidlovych vstupl a vystupl hospodarstvi, véetné vstupll z prostredi, vystup(

do prostredi a fyzického mnoZstvi dovozu a vyvozu v jednotkach hmotnosti (obvykle tunach).

Metodika byla pro ucely SEEA 2012 stanovena predevsim metodickym privodcem Economy-
wide Material Flow Accounts and Derived Indicators: A Methodological Guide (Eurostat, 2001).
Dle této metodiky jsou sledovany toky jednotlivych materidld (tabulky 1-3), tedy vstupy
(domadci uzita tézba a dovoz), vystupy (emise do atmosféry, emise do vody, ulozené odpady,
rozptylené toky a vyvoz) a zména stavu zasob ekonomického systému. Kromé toho lze také
sledovat skryté a nepfimé toky materidld (domaci nevyuzitd tézba; ddle toky, jez protekly
ekonomickym systémem, ze kterého byly materidly véetné zbozi dovezeny). Veskeré toky
spojené s vyslednym produktem byly nazvany také jako ,ekologicky batoh” (Schmidt-Bleek,
1994). Prvni analyzu materialovych tokl v souladu se standardem SEEA 2012 pro ekonomicky
systém Ceské republiky a rok 2014 sestavil Kovanda (2018), ktery se zamé¥il na indikatory
vstupll nezpracovanych surovin a spotfeby nezpracovanych surovin s vyuZitim tabulek pro
fyzické dodavky a vyuzZiti. Pfestoze mnoha data o fyzickych tocich musela byt pro svoji
nedostupnost aproximovana nebo vyZzadovaly dezintegraci dostupnych dat, doporudil
Kovanda (2018) postupy CSU, ktery je zdopovédny za Géetnictvi materidlovych toké v Ceské

republice.
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Tabulka 1: Klasifikace material(, jejichZ toky jsou sledovany dle metodického privodce SEEA 2012:

Vstupy materiald.

Vstupy materialt

Fosilni paliva Cerné uhli, hnédé uhli, ropa, zemni plyn, raselina, ostatni
Kovové rudy Rudy Zeleza, neZelezné rudy
© Mineraly Primyslové mineraly Soli, specidlni jily, specidlni pisky, raselina pro zemédélské ucely, ostatni
2 , vy [ . e , Y ,
o Konstrukéni mineraly P./sky a sterky, cllrcene kamen/\l/o véetné vdpence, hliny (napf. na vyrobu
:‘: cihel), kamenné bloky, ostatni
;E Obilniny, koreny a hlizy, lusténiny, olejniny, zelenina, ovoce, vidknité
S Biomasa ze zemédélstvi plodiny, ostatni plodiny, zbytky plodin vyuZivané jako krmiva, sldma
:g vyuZivand pro hospoddrské ucely, biomasa z paseni dobytka
£ Biomasa, vcetné Biomasa z lesnictvi Drevo a ostatni suroviny
8 biomasy pro vlastni
spotiebu Biomasa z rybafrstvi Morské ryby, sladkovodni ryby, vodni savci a ostatni
Biomasa z lovu Zvér, ptactvo
Biomasa z jinych ¢innosti Med, sbirané houby, bobule nebo byliny apod.
Nezpracované materidly Fosilni paliva, minerdly, biomasa, druhotné nezpracované materidly
Produkty ¢astecného zpracovani Z fosilnich paliv, z minerdld, z biomasy
, Vyrobky prevdzné z fosilnich paliv, prevdzné z minerdld, prevdzné
N Hotové produkty yr y pfevdzné z fosilnich paliv, pfevdzné z mi 0, prevadz
) z biomasy
> , . . . . . . ,
, Ostatni produkty abiotického typu, biotického typu, ostatni

8 Ostatni produkty P y vp P

Obaly od dovezeného zboZi

Odpady dovezené pro konecné zpracovani nebo
ulozeni

nespecifikované

Materialy pro vytvoreni bilance, které nejsou soucasti

indikatort

Kyslik vyuZity pfi spalovadni, kyslik spotfebovany respiracni ¢innosti,
spdleny dusik, vzduch vyuZity v primyslovych procesech (stlacovdni
plynd, tuhnuti polymerd apod.)

P NevyuZita téZba pi t&bé fosilnich paliv

SN

3

%’ = NevyuZita tézba pfi tézbé minerall

C SN < Ve vvy v gy P v yv . . , v
:,“_; 9 Nevyusits biomasa ze sklizné Ztrvaty prll l:ezbe dreva, sklizni zemédélskych plodin, ostatni (napr.
g vyrazené ulovky)

o

o NevyuZité vykopové pldy a zeminy Vykopy pfi stavebni ¢innosti, odbagrované zeminy

‘o Ekvivalent nezpracovanych (pfirodnich) materidlt potfebnych k vyrobé dovezenych produktl (bez vlastniho dovezeného zbozi
£z jako "ekologicky batoh")

52

2 Nevyuzita tézba pri vyrobé dovezenych produktd
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Tabulka 2: Klasifikace material(, jejichZ toky jsou sledovany dle metodického privodce SEEA 2012:

Vystupy materiald.

Vystupy materialt

Emise do ovzdusi

Emise a odpady UloZené odpady

Emise do vody

CO;, SO;, NOx jako NO3, VOC (NMVOC kromé rozpoustédel a CH4 kromé
CHy ze skiddek), CO, PM (Cdstice, prach), N2O kromé vyuZiti produktdi

a N ze zemédélskych odpadd, NHz kromé N z hnojiv, CFCs a Halony
Komundlni odpady a odpady podobné, priimyslové odpady, odpady

z ¢isténi odpadnich vod

N, P, jiné slouceniny a (organické) materidly, materidly vypousténé

do more

Rozptylené toky
vyuzitych produktti a
rozptylené ztraty

Rozptylené vyuZzité produkty

Rozptylené ztraty

Zemeédélstvi (minerdini a statkovd hnojiva, semena, pripravky, kaly,
komposty), udrzba vozovek (rozmrazovaci a posypové materidly),
ostatni (napf. rozpoustédia)

Opotrebeni (pneumatiky, treci segmenty), uniky pri havdriich, uniky
(zemni plyn apod.), eroze a koroze infrastruktury

Nezpracované materialy

Produkty ¢astecného zpracovani

Hotové produkty

Vyvoz

Ostatni produkty

Obaly od vyvezeného zbozi

Odpady vyvezené pro konecné zpracovani
nebo uloZeni

Fosilni paliva, minerdly, biomasa, druhotné nezpracované materidly
Z fosilnich paliv, z minerdld, z biomasy

Vyrobky prevdzné z fosilnich paliv, pfevdzné z minerdld, prevézné

z biomasy

Ostatni produkty abiotického typu, biotického typu, ostatni
nespecifikované

Materialy pro vytvoreni bilance, které nejsou soucasti
indikatora

Kyslik vyuZity pfi spalovadni, kyslik spotfebovany respiracni ¢innosti,
spdleny dusik, vzduch vyuZity v primyslovych procesech (stlacovdni
plynd, tuhnuti polymeri apod.)

Nevyuzita tézba pri tézbé fosilnich paliv

NevyuZita tézba pfi tézbé minerall

NevyuZitd biomasa ze sklizné

UloZena domdci
nevyuZita tézba

Nevyuzité vykopové pldy a zeminy

Ztrdty pri téZbé dreva, sklizni zemédélskych plodin, ostatni
(napr. vyrazené ulovky)

Vykopy pfi stavebni ¢innosti, odbagrované zeminy

Nepfimé
toky

Ekvivalent nezpracovanych (pfirodnich) materidlG potfebnych k vyrobé vyvezenych produktl (bez vlastniho vyvezeného zbozi
jako "ekologicky batoh")

NevyuZita tézba pfi vyrobé vyvezenych produktd

Tabulka 3: Klasifikace material(, jejichZ toky jsou sledovany dle metodického privodce SEEA 2012:

Zmeéna stavu zasob materiald.

Zména stavu zasob materiala

Celkové (hrubé) Infrastruktura a budovy
v o Ostatni (strojni zafizeni, zboZi
firdstk

P y dlouhodobé spotieby)

Konstrukcni minerdly, kovy, drevo, ostatni

Kovy, ostatni

Infrastruktura a budovy
Odstrafovani a ztraty Ostatni (strojni zafizeni, zbozi

dlouhodobé spotieby)

Demolice, rozptylené ztrdaty (konstrukcni minerdly, kovy, dievo, ostatni)

DemontdzZ, rozptylené ztrdaty (konstrukcni minerdly, kovy, dievo, ostatni)

Infrastruktura a budovy
Celkové (Cisté) pfirtistky ogtatni (strojni zafizeni, zboZi
dlouhodobé spotieby)

Konstrukéni minerdly, kovy, drevo, ostatni

Kovy, ostatni
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2.1.4 Vybrané indikatory materialovych tokii, tokii energie a vyuziti ptidy

Indikdtory materidlovych tok(, tok( energie a vyuZivani plGdy jsou fadu let vyuZivany
na makroekonomické urovni a slouzi k fizeni udrzitelné ekonomiky narodd. Uvedme jako
pfiklad analyzy provedené pro Rakousko (Steurer, 1994), Japonsko (Ministry of the
Environment of Japan, 1992), Némecko (Schiitz a Bringezu, 1993) a Ceskou republiku (Kovanda
et al., 2008), a srovnavaci studii pro Japonsko, USA a Némecko (Matthews et al., 2000).
Publikované prdce posuzuji socioekonomické systémy casto bez vnitinich sektord
a subsystémd, jako tzv. ¢ernou skfinku (,,black box“, Kovanda et al., 2008). Dle autor( Kovandy
a Weinzettela (2017), je MFA vhodna pro posuzovani sektorl ekonomiky a méla by byt
vyuzivdna pfi realizaci environmentalnich politik véetné politiky pro atlum tézby nebo pro
snizeni emisi CO,. Soucasti sektorové MFA ma byt dezintegrace dat — otevieni erné skfinky.
Nasledujici indikatory pak mohou byt stanoveny pro hranice socioekonomického systému
definované v prostoru a Case. Jedna se pouze o priklady indikator(, které jsou povaZovany

za vyznamné ve vztahu k tématu prace.

A) Vstupy materiadld dle Eurostatu (2001)

Domaci uZita téZba je indikatorem vstupl material( pochazejicich pfimo ze Zivotniho prostredi

posuzovaného uUzemi. Indikdtor se vyjadfuje jako hmotnost materialli, které jsou dale
posuzovanym socioekonomickym systémem vyuzity. Jedna se o téZzené abiotické suroviny (1)
a biotické suroviny pochdzejici ze zemédélstvi a lesnictvi (2). Do MFA lze na strané vstupl
zaradit taktéz pohyby zemin zplsobené lesnickou a zemédélskou Ccinnosti, spotieba
atmosférického kysliku pro spalovani, spotfeba vody. TéZzené abiotické suroviny (ad 1) jsou
uzité abiotické suroviny (fosilni nosi¢e energie, kovové rudy, ostatni mineraly)
a neuzité abiotické suroviny (horninové nadlozi, vykopy pfi stavbach apod.). Biotické suroviny
pochazejici ze zemédélstvi a lesnictvi (ad 2) sestavaji z rostlinnych pletiv ze zemédélstvi
a lesnictvi a Zivoci$nych tkani z lovu a rybolovu (Schiitz, 1997). Zivoci$né tkdné se v pripadé

vykrmu zvifat chovanych v umélém prostredi nezapocitavaji.

Domaci materidlovy vstup (Domestic material input — DMI) méri veSkeré materidly vstupujici

do socioekonomického systému, majici ekonomickou hodnotu. Indikator se vyjadfuje jako
hmotnost material( a vypocitd se jako soucet domdci uzité tézby (tedy uzité abiotické suroviny
a biotické suroviny) a dovozu materiald (Bringezu, 2018). V analyze sektoru je analogickym

indikdtorem primy materidlovy vstup (Direct material input), ktery znamena totéz pti hranicich
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systému zvolenych pro vybrany sektor (Kovanda a Weinzettel, 2017). DMI je z indikator(
vstupl nejlépe vyuZitelny na urovni podnik(, kdy ostatni indikdtory vstupl materidld
nepfipadaji v Uvahu. Ve vétsiné pfipad(l je tvofeno dovozem materidli do posuzovaného

systému (Kovanda et al., 2004).

Domaci_materidlova spotfeba (Domestic material consumption — DMC) je indikatorem

spotfeby materidld uvnitf ekonomického systému. Indikdtor je vyjadifen jako hmotnost
materidl( ptimo vstupujicich do sledovaného socioekonomického systému. DMC je rovno
rozdilu DMI a exportu (Bringezu a Moriguchi, 2018). Indikatory DMC a DMI zohlednuji stejnou
mérou materidly vytéZené v posuzovaném ekonomickém systému a materidly dovezené,
které jsou obvykle do znacné miry upravené (napf. na polotovary, vyrobky) v zemi plvodu.
Vypovidaci hodnota téchto indikatorl je tedy diskutabilni. Ztoho dlvodu byly navrieny
indikatory zahrnujici dopad dovozu materidlu vzemi jeho plvodu. Prikladem miize byt
indikator spotfeba prvotnich surovin (Raw Material Consumption — RMC) (Schoer et al., 2012),
nebo materidlova stopa ndrodd (Wiedmann et al., 2015). Tyto indikdtory vyuZivaji znalosti
z ptibuzného oboru LCA pro modelovani spotifeby materidlll v zemich plvodu souvisejici

s dovozem posuzovaného socioekonomického systému.

Dalsimi indikatory vstupl jsou indikatory zahrnujici domaci nevyuZitou tézbu (Total material
input — TMI, celkovy materidlovy vstup; Total material consumption — TMC, celkova

materidlova spotieba).

B) Spotreba energie

Vstupy energie jsou vyjadifovany dle SEEA 2012 jako fyzické toky energie z pfirodniho
prostiedi, které se déli na: 1) mineralni (fosilni paliva, uran), pfirodni zdroje dieva a vstupy
obnovitelnych zdrojd (solarni, vodni, vétrnd a geotermalni energie); 2) energie zikana
z péstované biomasy a dreva, prestoze jiz vznikla v ekonomickém prostfedi. Domaci
energetickd spotieba (Domestic energy use) je indikator spotieby analogicky k DMC, kterym
jsou zapocteny toky energie pochazejici zZivotniho prostfedi posuzovaného
socioekonomického systému a energie dovezené (pouzil napf. Geng et al., 2012). Obvykle
se zapocitava pouze energie vyuzivana v technickych zafizenich pro konec¢nou vyrobu tepla,
svétla, mechanické prace a zpracovani dat. Tuto skutecnost kritizoval Haberl (2001), dle
kterého by ve skutecCnosti méla byt jako vstup do posuzovaného systému (taktéz

pfi posuzovani ,energeticky prikon posuzovaného systému“) brdna v uvahu i energie
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obsazend v biomase vyuzivané k vyzivé obyvatel a hospodarskych zvifat a vesSkeré vstupy
material( bohatych na energii (a nehmotnych forem energie, jako je elektfina a svétlo), které
prekracuji hranice socioekonomického systému, bez ohledu na ucel, pro ktery jsou nakonec
pouzity. Podle metodiky SEEA 2012 je vhodné vyjadfovat indikator jako: 1) hruba (celkova)
domdci energeticka spotieba (Gross domestic energy use), tedy jako celkové mnozstvi energie
vstupujici do ekonomického systému z pfirodnich zdrojl, zemédélstvi a lesnictvi a dovozu
a odpadd. Indikator vyjadfuje zatéz zivotniho prostredi (a okolnich ekonomickych systému).
2) Cista domaci energeticka spotfeba (Net domestic energy use), tedy jako mnoiZstvi energie

spotfebované (vyuzité) v ekonomickém systému. Tento indikdtor je vhodny k vyjadiovani

trendl pfi spotiebé energie.

C) Zabor pldy

Vedle hmoty (materiadll) a energie je omezujicim faktorem pro socioekonomické systémy
prostor. Jednd se zejména o vyuzitelnou suchozemskou plochu — pldu. Plocha pudy
je predmétem zdboru socioekonomickymi systémy a predmétem spotreby je zejména kvalita
pGdy. Zabor puady, pfipadné stupen posSkozeni plidy socioekonomickym systémem, jsou
faktory, kterym se ma vénovat MFA (Brunner a Rechberger, 2003) na makroekonomické
urovni, bohuzel vsoucasné dobé neexistuje ustdleny indikator kompatibilni s indikatory
vstupl materidl( a energii. Zdbor pudy je vSak podstatnym dopadem hodnocenym v LCA
(i Canals et al., 2007; Koellner et al., 2013). Indikatory zaboru pldy jsou vyuzivany predevsim
pro analyzu dopadd v zemédélstvi (napf. Cao et al., 2015; Schmidt et al., 2015). Indikdtorem
vyuZivanym v LCA je dopad zaboru pldy (Occupation Impact — Ol), pfipadné dopad premény
pady (Transformation Impact — Tl), které jsou vyjadfovany jako rozloha pldy ndsobena casem
zédboru (Koellner et al., 2013). Jednotkou je obvykle m?-r. Vice indikdtor( pouZivanych v LCA
pro kategorii dopadu zabor a vyuzivani pady popsali podrobné Mattila et al. (2012). Metodika
SEEA 2012 (UN, 2012) se zamérfuje na zpuUsoby vyuziti pGdy (vyjadrené v ha) a na typ
krajinného pokryvu (vyjadreny v ha); dale sleduje zmény rozlohy v ¢ase v obou pfipadech,
pficemz metody indikace byly oznaceny za prozatimni a probiha dalsi vyvoj indikatort v této

oblasti.
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D) Vystupy material(

Vystupy socioekonomického systému se na ndrodni Urovni déli na export materidld a vystupy
do Zivotniho prostiedi. Vystupy, které byly pfedmétem zpracovani v socioekonomickém
systému a vystupuji do Zivotniho prostredi jsou kvantifikovany jako domaci zpracovany vystup
(Domestic Processed Output — DPQ), pfipadné je moZné pouZit pfimy zpracovany vystup
(Direct Processed Output — DPO) na podnikové urovni (Brunner a Rechberger, 2003). Vystupy
jednotlivych znecistujicich latek do atmosféry a mnozZstvi uloZzenych odpadi vyjadiené zvlast

pak slouzi pro vypocet indikator( dopadu na Zivotni prostredi (kapitola 2.1.5).

E) Cisty pfirlistek zdsob

Indikator Cisty prirlstek zasob (Net Additions to Stock — NAS) je definovan jako rocni prirtstek
(akumulace) zasob v posuzovaném socioekonomickém systému. V ramci bilance odpovida
rozdilu mezi DMC a DPO (S€asny et al., 2003). Dle metodiky SEEA 2012 Ize vyjadFit tento
indikator také jako soucet hmotnosti tzv. ,hrubého (materidlového) kapitalu“ a material(
uloZenych na kontrolovanych skladkach. Analogicky ke stavu zasob material( Ize pfistupovat
ke stavu zasob energie, doba zdrZeni energie je vSak del$i pouze v ptipadé energie chemicky
vazané v materidlech, ostatni energie podléhd v ekonomickém systému pomérné rychlé
preméné na vystupujici energii (nejcastéji teplo). Pida vyuzZivana v ekonomickém systému
tvofi v zemich stfedni Evropy, véetné Ceské republiky pfevazny podil rozlohy pldy, a neni zde

prostor pro zvySovani zdsob.

G) Mira cyklického vyuZiti materialQ

Indikator miry cyklického vyuziti material( (Cyclical Use Rate — Uc) byl definovan japonskym
ministerstvem Zivotniho prostfedi (Ministry of the Environment of Japan, 2003) jako mnoZstvi
material(, které se stanou odpady, ale neopusti socioekonomicky systém a jsou pfimo vyuzity
v procesech nebo upraveny pro dalsi vyuziti. Kovanda (2014) stanovuje hodnotu tohoto
indikatoru v podminkach v prostiedi Ceské republiky jako mnoistvi odpadd, se kterymi je
nakladano zplsoby R2, R3, R4, R5, R6, R7, R8, R9, R10, R11, N1 (pouze pro stavebni odpady),
N2, N8, N10, N13, N15 podle vyhlasky ¢. 383/2001 Sb. o podrobnostech nakladani s odpady,
v platném znéni. Zajimavosti je, Ze Kovanda (2014) nezapocitava zplsob nakladani R1 (vyuZziti
odpadu jako paliva nebo obdobnym zplsobem k vyrobé energie), ale hodnotu Uc nasledné

porovnava s DMC, kde vstupujici energeticky vyuzivana biomasa a paliva zapocteny jsou.
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Produktem spalovani odpad( jsou totiz vystupy, které Ize vyuzivat nékterym z dalSich zpUsobu
R a teprve tento materidl je povaZovan za odpad podle definice Uc. Tento indikator pak Ize
vyjadFit jako hmotnostni podil podle rovnice PUc = Uc:(DMC+Uc). Pozici indikdtoru Uc mezi
ostatnimi indikatory materialovych tokU zndzornuje obrazek 4. Indikator Uc (jako CMU)
vyuZiva také Ministerstvo primyslu a obchodu CR (MPO, 2018) pro UGéely politiky druhotnych
surovin, vyuzivdna jsou data Ceského statistického ufadu (CSU, 2018), indikator je
vyhodnocovén se zapoctenim vyuzitych odpadd, pfipadné odpadi a druhotnych surovin (tedy
véetné vedlejsich produktd). Dle Kovandy (2014) je problematické urcit, zda, pripadné v jaké
mite, jsou vedlejsi produkty pochazejici z energetiky skutecné cylicky vyuzivany, protoze tyto
materidly byvaji ekonomickym systémem prevaziné jednoradzové vyuzity k Upravam povrchu

terénu nebo rekultivaci.

Socioekonomicky system

Dovoz Vyvoz >
D

Vystupy do
DMI . atmosféry

Domaci uZita tézba
Odstranéné

odpady PO

S

> .

Obrazek 4: Znazornéni zdkladnich indikatorl materidlovych tokl na makroekonomické urovni.
Pro grafické zndzornéni indikatoru NAS se pouziva tvar domu, velky hmotnostni podil tvofi materidly
ve stavbdch.

2.1.5 Vybrané indikatory dopadu materialovych toku na Zivotni prostiedi

Potfebu doplnit sektorové makroekonomické MFA o vysledky indikatorl dopadu zminili
Kovanda a Wienzettel (2017), dle kterého je tfeba doplnit MFA o metody pouZivané v LCA.
Jedna se o stanoveni prevazné midpointovych indikdtor( dopadu na Zivotni prostredi, které

jsou vyuzZitelné na makroekonomické urovni. Nize jsou priklady kli¢ovych indikator( pro sektor
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fosilni energetiky. Jedna se o nejvyznamnéjsi indikatory dopad( energetiky na globalni nebo
mezindrodni Urovni zplisobené latkami, jejich? emise se fada zemi svéta véetné Ceské
republiky zavdzala omezovat na zakladé Radmcové Umluvy Organizace spojenych narodu
o zméné klimatu (UN, 1992), respektive Umluvy o dalkovém znetistovani ovzdusi presahujicim

hranice statli (UNECE, 1979).

Globalni klimatickd zména (GW — global warming):

Dopad na globalni klimatickou zménu je indikovdn jako emise sklenikovych plynt a zména
stavu krajiny, které maji vliv na zménu sloZeni atmosféry podporujici sklenikovy efekt.
Potencial jednotlivych latek pro globalni klimatickou zménu je vyjadien jako mira zachyceni
infracerveného zareni (tepla) v atmosfére. Referencni latkou pro vyjadreni globalni klimatické
zmény je COy, u ostatnich latek a zmény vyuziti krajiny je potencial vyjaddien jako ekvivalentni
hmotnost CO; pro zachyceni infraerveného zareni v atmosfére zemé (Koci, 2009). Vzhledem
k tomu, Ze Ucinek latek v atmosfére se projevuje jen omezenou dobu (tabulka 4), ktera
se u kazdé z latek lisi, byva uvadén jejich potencial jesté s obdobim, pro které byl stanoven
(Myhre et al., 2013). Nejcastéji uvddénym obdobim pouzivanym pro mezinarodni porovnavani

je 100 let, toto obdobi je uvedeno v Kjotském protokolu (UN, 1998).

Tabulka 4: Doba pUlsobeni hlavnich sklenikovych plynl v atmosfére a jejich potencial (Myhre et al.,
2013). ?potenciél globalni klimatické zmény pro obdobi 20 let po vypusténi, ® potencial globalni
klimatické zmény pro obdobi 100 let po vypusténi, ¢ hodnoty se zapoctenou reakci pfirodniho
prostiedi, kterou emise prislusné latky vyvold (odezva prostiedi, tzv. carbon-feedback),
d fosilni/biogenni zdroj (Life Cycle Initiative, 2017).

Latka (1t) Doba pusobeni [roky] GWP20*“[t ekv. CO;] GWP100°¢[t ekv. CO;]
CH,4 12,4 87/86¢ 36/34¢
HFC-134a 13,4 3790 1550
CFC-11 45 7020 5350
N,O 121 268 298
CF4 50 000 4950 7350

Okyselovani prostredi (A — acidification):

Dopad emitovanych okyselujicich latek na Zivotni prostfedi je indikovan sou¢tem potencialu
okyseleni prostredi podle mnozstvi vypusténych latek (Owens, 1996), ktery je dan schopnosti
prislusnych sekundarné vzniklych kyselin uvolfiovat vodikovy kationt v Zivotnim prostredi

(tabulka 5). Jedna se o indikator nadregionalniho dopadu, protoze emitované kyselinotvorné
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latky mohou zpUsobit okyseleni ve vzdalenostech stovek az tisict kilometr( (Irwin a Williams,

1988).

Tabulka 5: Faktor okyselovani prostiedi — potencial okyselujicich latek (Wenzel et al., 2000), majicich
vliv na okyselovani pld, povrchovych a podzemnich vod. Hodnoty uZivané Evropskou komisi (European
Commission, 2011). Bez zafazeni CO,, ktery ma vliv pfedevsim na okyseleni ocednt (Gattuso a Hansson,
2011). ¢V Ceské republice je tato jednotka nazyvana jako ekvivalent okyselujicich latek nebo ekvivalent
okyseleni pfi rocnim vyhodnoceni vlivu emisi SOx, NOx a NHs (CENIA, 2018a), u ostatnich latek
vypocteno dle schopnosti disociace kyselin vzniklych sekundarné v prostredi.

Latka (1t) Potencial okyseleni prostredi Potencial okyseleni prostredi
[t ekv. SO,] [t ekv. H*]®

SOx jako SO, 1,00 0,03125
NOx jako NO, 0,70 0,02174
NHz 1,88 0,05882

H2S 1,88 0,05882

HF 1,60 0,05000

HCL 0,88 0,02750

SOs 0,80 0,02500

NO 1,07 0,03333
H2S04 0,65 0,02040
HNO3 0,51 0,01587
H3PO4 0,98 0,03062

Castice a prekurzory vzniku ¢astic o nejvétdim rozméru 10 um (PM10 - particulate matter

<10um):

Dopad emisi €astic a prekurzor( vzniku ¢astic do atmosféry je indikovan souctem primych

emisi Castic (referencni hodnota) a potencidll emisi prekurzorl castic. Mezinarodni
dlouhodobé snahy na sniZeni acidifikace prostfedi mély nepfimo vliv na sniZeni produkce
prekurzord ¢astic PM10 vzhledem ke stejnym latkam (de Leeuw, 2002). Schopnost prekurzor(
tvofrit aerosoly je dana fyzikdlné-chemickymi vlastnostmi troposféry v misté emise prekurzort
a v podminkach Evropy se lisi v kazdém rocnim obdobi. Potencial jednotlivych prekurzori byl
tak odhadovan na zakladé rliznych analyz (napf. Van Jaarsveld et al., 1997 nebo Adams et al.,
1999; dale Dentener a Crutzen, 1994 pro NHs; Charlson et al., 1991 a Chin a Jacob, 1996
pro SO;). Dodnes pouZivané hodnoty v zemich Evropské unie stanovil na zakladé resSerse

hodnot jinych autorl de Leeuw (2002), tyto hodnoty jsou uvedeny v tabulce 6.
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Tabulka 6: Emise ¢astic a prekurzor( ¢astic — potencidl jednotlivych latek majicich vliv na sekundarni
vznik &istic PM10 v atmosféfe. flednd se o hodnoty uZivané v Evropské unii, které stanovil
pro evropsky kontinent de Leeuw (2002), vychazejici z & pramérného podilu prekurzoru na tvorbé ¢astic
a "priimérné hmotnosti ¢astic PM10 vzniklych v atmosféfe z prekurzoru tvorby &astic.

Latka (1t)  Potencial tvorby &astic f Hmotnostni podil, ze Hmotnost ¢astic PM10
[t ekv. PM10] kterého se tvofi ¢astice 8  vzniklych z 1 t prekurzoru " [t]
PM10 1 1 1
NOx 0,88 0,65 1,35
SO, 0,54 0,35 1,55
NH; 0,64 0,60 1,06

Vznik troposférického ozonu

Dopad vzniku troposférického ozonu (nebo tvorby foto-oxidacnich latek) je indikovan souctem
hmotnosti emitovanych tékavych organickych latek (VOCs — volatile organic compounds)
a dalSich prekurzor vzniku troposférického ozonu. Na mezinarodni Urovni v Evropé jsou
v soucasnosti pouzivany hodnoty potencidlu nasledujicich latek (1 t): VOCs = 1 (referencni
latka); NOx = 1,22; CO =0,11; CHs = 0,014 t ekv. VOCs (De Leeuw et al., 2002) a byly stanoveny
jako aproximace hodnot pro potencial riznych VOCs dle skute¢nych podminek na evropském
kontinentu (Derwent et al., 1998). Ve skute¢nosti je chovani jednotlivych emisi VOCs odlisné
dle jejich chemického sloZeni a dle sloZeni troposféry v lokalité jejich emisi (Derwent et al.,
2007), vznik troposférického ozonu zdavisi zejména na koncentraci oxidl dusiku (HGnova,
2018). Z toho divodu se pfi mikroekonomickych LCA vyuZziva rlizného nastaveni potencial(
pro jednotlivé latky v prostredi s nizkym a vysokym obsahem oxidl dusiku v atmosfére

(Guinée, 2002).

2.2 Analyza materidlovych tokii a vyroba elektrické energie a tepla
z fosilnich paliv

Komplexni MFA byly aZ do soucasnosti obvykle zaméreny na posuzovani makroekonomickych
systémU jako celk( (zejm. mésta a staty), které byly posuzovany jako tzv. ,black box“
(Kovanda, 2008). Ve vétsiné MFA byly rozliSovany v ramci indikatoru DMC vstupy fosilnich
paliv, biomasy, kovl a kovovych rud, nekovovych mineralnich hmot. Vysledky analyz MFA
ukazuji, Ze vstupy fosilnich paliv jako nosicl energie tvofi vyznamny podil vSech vstupt
do makroekonomickych systémua (tabulka 7). Vzhledem k tomu, Ze se autofi ve vétsiné pripad(
nezabyvali vnitfnimi subsystémy, nelze z publikovanych Gdajl zjistit mnozstvi fosilnich paliv

vyuzivanych sektorem energetiky, dopravou, primyslem a domacnostmi, jelikoZz DMC byla
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vypocltena na zakladé vysoce agregovanych dat jinych instituci vztazenych k tézbé, dovozu
a vyvozu material(i na strané vstupu. V zemich EU (28 zemi) tvofi fosilni paliva 12 % domdci

uZité tézby a 69 % dovozu, tedy priblizné 24 % hodnoty DMC (obrazek 5).

Tabulka 7: Hmotnostni podil fosilnich paliv na domaci materidlové spotfebé (DMC) posuzovanych
makroekonomickych systém(. Vysledky analyz byly publikovany obvykle stfi nebo viceletym
zpozdénim od analyzovaného obdobi.

Posuzovany systém, rok Podil fosilnich paliv na DMC Zdroj
Austrélie, 2005 22% Schandl a West, 2012
Ceska republika, 2000 36 % S¢asny et al., 2003
Cina, 2005 12 % Schandl a West, 2012
EU-15, 2004 22 % Kovanda et al., 2012
Filipinska republika, 2010 10% Martinico-Perez et al., 2017
Japonsko, 2005 21 % Krausmann et al., 2011
Némecko, 2004 30% Kovanda et al., 2012
Nizozemi, 1991 38% Adriaanse et al., 1997
USA, 1991 41 % Adriaanse et al., 1997
Velka Britanie, 1991 37 % Schandl a Schulz, 2002
Svét, 2002 18 % Behrens et al., 2007
Svét, 2010 19 % Schandl et al., 2018
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Obrazek 5: Materidlové toky socioekonomickym systémem EU28 v roce 2014. Sitka Sipek odpovida
mnoZstvi materialu (podle méfitka), idaje v % znaci sloZeni jednotlivych tok(l. Na zakladé dat Eurostatu
sestavili Mayer et al. (2019), upraveno. 'Doplnénd preruSovand linie zobrazuje smér toku, ktery
v diagramu chybi. Diagram je zjednodusujici a nezahrnuje ani emise do atmosféry vznikajici z odpadu.
20dpady a vedlejsi produkty z energetického vyuZiti tvofily pfiblizné 0,5 mld. t roéné.

Emise CO,, které jsou klicové pro stanoveni indikatoru dopadu globalni klimatické zmény
a zaroven nejvyznamnéjSim vystupem z vyroby energie, jsou obvykle vypocitavany ve vztahu
ke spotfebovanym palivim pomoci koeficient(i (Kennedy et al., 2010; GEA, 2016), pfipadné
jsou prebirany sumarni udaje z inventarizace provedené nékterou instituci. Pfikladem muze
byt Kovanda a Héak (2007), ktefi prebirali data o emisich do ovzdusi od Ceského

hydrometeorologického Ustavu.

Vystupy ostatnich potencidlné nebezpecnych latek (kromé CO3) se zabyvali Matthews et al.
(2000), ktefi dosli k zavéru, Ze mezi lety 1975 az 1996 se jejich produkce v USA zvysila
z priblizné 350 na 450 milionU tun rocné, pricemz tento rast zpUsobily predevsim vystupy
z vyuzivani paliv, které tvofi priblizné 65 % vSech vystupujicich potencialné nebezpecnych
latek. Vystupy potencialné nebezpecnych latek jsou tvoreny predevsim latkami obsazenymi

v zachycenych i nezachycenych emisich z jejich spalovani a popelovindach. Obsahem rtuti
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v emisich a tuhych zbytcich po spalovani uhli se zabyvaly analyzy SFA (Billings a Matson, 1972;
Mukherjee et al., 2008). Dle studie zamérené na toky tézkych kovu pfi spalovani uhli
v elektrarné dosli Mukherjee et al. (2008) k vysledku, Ze pfiblizné 58 % rtuti obsazené v uhli
se zachyti v zachyceném popilku, 6 % v sadrovci z odsifeni a 15 az 34 % je emitovano vzhledem
k tékavositi rtuti do ovzdusi. Toky tézkych kova pfi spalovani biomasy byly zkoumany pomoci
analyzy SFA (Kovacs et al., 2016), dle které byla rtut vypousténa formou plynnych emisi

do atmosféry nebo je zachycena spolu s popilky.

MFA s prvky ¢astecné LCA, kterou provedli Karlsson et al. (2018), se zabyva vyrobou elektrické
a tepelné energie zrlznych paliv. Tato kvazi-realisticka studie se zabyvd alternativnim
pouzitim rdznych fosilnich paliv a biomasy jako nahrady odpadl s prevahou plast(, které jsou
v soucasnosti spalovdny pfi kogeneracni vyrobé tepla a elektrické energie ve stacionarnim
zdroji. Dle vysledk( porovnani dopad( na Zivotni prostredi v kategorii globalni zména klimatu
by bylo v pripadé potfeby nejvhodnéjsi nahradit spalované odpadni plasty dfevem nebo
drevénymi odpady. Kromé toho, dle jejich vysledkl tvofi jen maly podil na celkovych emisich
CO; doprava paliv (pfiblizné 2 % ve vsech pfipadech). Metodicky podobnou studii provedli
Sokka et al. (2016) pro dopady vyuzivani obnovitelnych zdroji ve Finsku. Nejvazné;jsi dopady
na zivotni prostfedi mélo dle této studie spalovani dreva. Tento vysledek se tykd zejména
kategorie globalni zmény klimatu a neni prekvapuijici, protozZe dfevo patfi ve Finsku k hlavnim
zdrojlim energie. Vyznamé vsak spalovani dreva prispélo dle autor( studie také k emisim castic

a prekurzor( vzniku ¢astic (prach) z divodu vyuzivani dfeva v lokalnich topenistich.

2.3 Posuzovani Zivotniho cyklu pro spalovani fosilnich paliv pri vyrobé
elektrické energie a tepla

LCA se obvykle zaméfuje na podnikovou (mikroekonomickou) Uroven, a slouzi k posouzeni
dopadl na Zivotni prostredi konkrétniho produktu nebo sluzby na zakladé znalosti vstup(
a vystupl (Finnveden et al.,, 2009) a na rozdil od MFA zpracované na narodni Urovni
je az na vyjimky pfilis podrobnd. V tomto sméru se lze urcitych vysledk( pro uroven sektoru
dobrat metaanalyzou dat dfive publikovanych jinymi autory. Timto zplisobem porovnali rGzné
zpUsoby vyroby energie Turconi et al. (2013), ktefi provedli metaanalyzu 167 predchozich
studii pro porovnani emisi sklenikovych plyn(, SO a NOx, funkéni jednotkou byla 1 MWh
vystupujici energie. Dle vysledk( zatézuji Zivotni prostfedi emisemi sklenikovych plyn( nejvice

zdroje spalujici hnédé uhli, dale zdroje spalujici ¢erné uhli a dalsi fosilni paliva nésleduiji.

30



Pfekvapivym vysledkem bylo, Ze zdroje spalujici zemni plyn dosahovaly podobnych hodnot
emisi NOx, jako zdroje spalujici uhli, maximalni hodnoty pro zemni plyn byly vsak pfiblizné
dvojndsobné ve srovnani s hnédym uhlim. Vysledky této metaanalyzy vykazovaly znacné
rozdily minimalnich a maximdlnich hodnot prakticky ve vSech kategoriich, a to aZ o dva rady.
Rozdily ve vyslednych hodnotach byly zplsobeny rdzné nastavenymi hranicemi systému
a predevsim odliSnou definici funkéni jednotky spiSe neZz mistnimi a technologickymi
odliSnostmi. Vsoucasné dobé nejsou dostatecné rozSifené sektorové MFA zpracované
na narodnich Urovnich. ReSerse dat z publikovanych LCA je jednou z mala moZnosti, jak zjistit
materialové toky sektor( (viz tabulka 8). Dllezitym zjiSténim vsak je, Ze hlavnim zdrojem
vétsiny analyzovanych dopadli spojenych s ubytkem zdroji a emisemi do atmosféry
je samotné spalovani fosilnich paliv, dopady ostatnich fazi Zivotniho cyklu (téZba, doprava
surovin, vystavba a dalsi) jsou témér zanedbatelné nebo tvofi nevyznamny podil. Napfiklad
pfivyrobé elektrické energie z ¢erného uhli je 89,1 % CO, tvoreno fazi spalovani (Odeh
a Cockerill, 2008). Posledni dostupna ucelena inventarizacni data pro jednotlivé zplsoby
vyroby elektrické energie v rlznych zemich svéta nabizi spol. Eco Invent primarné pro ucely
LCA. Pro Ceskou republiku byla v dobé pfipravy prace dostupnd data o vyrobé elektrické
energie z fosilnich paliv z roku 2015. Starsi verzi dat od spol. Eco Invent prezentovali Treyer
a Bauer (2016). Z pohledu vyroby energie zfosilnich paliv je dileZité, Zze data obsahuji
pramérnou energetickou ucinnost vyroby elektrické energie, emise NOx, SO,, PM2,5 a CO;
vztazené k mérné jednotce vyrobené elektrické energie. V této studii nebyly publikovany
dostate¢né Udaje o vstupech paliv a vapence pouZitého pro Upravu emisi. Ziskani dat
od spol. Eco Invent je zpoplatnéno a data nejsou dostupna pro vSechny procesy, v nékterych
pfipadech jsou data pouze aproximovana (napf. pokud nejsou znamy udaje nékterych statl).
Softwarové nastroje pro tvorbu LCA, kterymi jsou napfriklad produkty SimaPro, GaBi nebo
OpenLCA, slouzi pro vypocet indikatort z vlozenych dat nebo z dat databazi. Zasady a osnovu

zpracovani studii LCA standardizuje mezinarodni norma ISO 14040.

Publikované studie LCA jsou vsoucasnosti zaméfeny predevSim na vyrobu energie
z tzv. obnovitelnych zdroji na mikroekonomické urovni (napr. Bhat a Prakash, 2009; Asdrubali
et al., 2015, nebo Bernas et al., 2014), ptipadné z odpadl (Astrup et al., 2015; Cremiato et al.,
2018; Beylot et al., 2018). Pro analyzu dopadd sektoru na Urovni statu je potom vhodné

aplikovat nékteré z postupli LCA pro vypocet indikatord dopadu globalni nebo nadregionaini

31



urovné na vysledky MFA. Tento postup pouzili Weinzettel a Kovanda (2009), ktefi simulovali
dopady na Zivotni prostfedi spojené se zahrani¢nim obchodem Ceské republiky na zakladé dat
o dovozu a vyvozu. Sektorovou LCA pro ¢eskou a polskou energetiku provedli Burchart-Korol
et al. (2018), ktefi také pouzili vyznamnou ¢ast dat od spol. Eco Invent v programu SimaPro.
Jejich analyza vychazi z realnych spotfeb fosilnich paliv, ostatni parametry analyzy jsou vsak
modelové a nezmifuji napf. viibec problematiku spotfeby vépence v CR. Kladné lze
ale hodnotit v LCA vzacny pokus o progndzu budouciho vyvoje dopadt, ktera vychazi ze statni

energetické koncepce.

Tabulka 8: Hmotnosti vybranych vstupl a vystupl vyroby elektrické energie z fosilnich paliv ziskané
z inventarizacni faze LCA zahrnujicich v ramci svych systémovych hranic vice spalovacich zdroju
najednou. Vybrané analyzy, jejichz metodiku je moZné vyuzit na Urovni celého sektoru. Uvedeny jsou
prdmérné hodnoty. Materidlové toky vstupl a vystupl (znedistujicich latek) jsou obvykle nizsi
v pfipadé spalovéni zemniho plynu ne? v pfipadé spalovani uhli. 'nedostupny udaj, ! pfepocteno
na definovanou (funkéni) jednotku 1 kWh vyrobené elektrické energie, “pfepocteno dle vyhievnosti
zemniho plynu.

PoUSite Vstupy [g/kWh] Vystupy [g/kWh] . .
palivo  Palivo Vapenec CO> SO, NOx PoPeIovmy, droj
sadrovec

Cerné 448 91 969 6,4 3 122 Spath a Mann, 2004
uhli 1464 0 1209 1,9 1,7 21,8 May a Brennan, 2003

Hnédé 693 2 1056 4,2 3,4 300 May a Brennan, 2003
uhli 867 o 1022 7,1 6,3 o Dones et al., 2007’

Zemni 227 0 708 4,6 3,8 0 May a Brennan, 2003
plyn 213k 0 710 0,5 0,8 0 Dones et al., 2007/

2.4 Nedostatky soucasné urovné analyzy materialovych toki

MFA vychazi z poslednich dostupnych nebo historickych fakt a dat. Sbér dat pro MFA
na narodni Urovni byva obvykle zahajen po ukonéeni kalendafniho roku, za ktery jsou data
sbirdna. Na nizsSich ekonomickych Urovnich je mozno vyhodnocovat relativné nova data, ktera
jsou doplnéna ze starsich datovych sad (napf. Ecoinvent). V praxi se Ize setkat s analyzami MFA
publikovanymi tii a vice let od analyzovaného obdobi (tabulka 7). Ctenafim jsou tak obvykle
predkladany analyzy historického obdobi, nebo celé historické Fady (napf. S&asny
et al., 2003; Tanikawa et al., 2015), které mohou byt jednim z podkladd pro aproximaci trendu.
Jinou mozZnosti predikce je modelovani budoucich materidlovych tok( (Bornhoft et al., 2016)

nebo analyza existujici koncepce (Burchart-Korol et al., 2018). Je tak tfeba vzit na védomi,
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Ze v pripadé dynamicky se vyvijejiciho sektoru, jakym je energetika, jsou dostupné vysledky

vice ¢i méné zastaralé a soucasny stav, pokud je prezentovan, vznikl na zakladé aproximace.

Data vyuZita pro MFA mohou byt vlastni naméfend nebo prevzata. V praxi se uplatiuje ¢asto
jejich kombinace. Na mikroekonomické urovni, pfedevsim za ucelem LCA, jsou podstatné
procesy méreny, zatimco podpulrné procesy jsou brany z datovych sad (pouzili napt. Jelinkova
et al.,, 2016). Na makroekonomické Urovni jsou vyuZivdna zejména narodni data

shromazdovana specializovanymi organizacemi a doplriovana daty korporatnimi.

V pripadé vysoké agregace dat na narodni Urovni existuje nejistota v metodach sbéru dat
a kvalité jejich zpracovani. Prikladem muze byt zpUsob sbéru dat o odpadech a zplsobech
nakladani s nimi a sestavovani indikator(, které jsou klicové pro dosazeni tzv. obé&hového
hospodafistvi. Pro socioekonomicky systém Ceské republiky jsou v souc¢asné dobé dostupné
dvé datové sady tykajici se produkce odpadud, které se vzhledem ke zplsobu sbéru dat
vzajemné vyznamé lii, tedy data agregovand Ministerstvem Zivotného prostfedi Ceské
republiky (MZP) a data agregovana CSU. MZP prostiednictvim agentury CENIA sbira a vyuZiva
data z ro¢nich hlaseni o odpadech, které jsou vypracovavany producenty odpadu a osob, které
s odpady nakladaji podle vyhlasky ¢. 383/2001 Sb. o podrobnostech nakladani s odpady,
v platném znéni. Vzhledem k tomu, Ze v praxi dochazi k rGznym Upravam odpadu pred jeho
konecnym vyuzitim nebo odstranénim a béhem téchto Uprav vznikaji z pavodnich odpadi
odpady po uUpravé, které se vzhledem ke zplsobu evidence vykazuji jako nové vzniklé,
je mnozstvi odpadl systematicky nadhodnocovano. Mnoistvi je nadhodnocovdno zejména
v pfipadé odpadd upravenych nebo vytfidénych za Ucelem ndsledného vyuziti. Zajimavosti
také je, e MZP (2019) zapoéitdvd mezi zplsoby vyuziti odpad( také nasledujici zpGsoby
nakladani s odpady: 1) R12 — Uprava odpadil pied jejich vyuZitim jinym zpGsobem (tedy
odpady nebyly ve skutec¢nosti jesté vyuzity); 2) N12 — Ukladani odpadu jako technologicky
materidl na zajisténi skladky. MZP (2018) pfitom dle svého rozhodnuti uklddani odpadfi
(materidld) jako technologicky materidl na zajisténi skladky nepovazuje za vyuziti odpad(, ¢imz
si vlastné protifec¢i. Vysledkem je, Ze je hmotnost vznikajicich odpadl vidy vyssi, nez
je hmotnost material(, které se staly odpadem, a to predevsim v pfipadé, Ze se jedna o odpady
vyuzitelné, které se zapocitaji vicendsobné. Nasledkem muze byt tedy vyssi vysledna hodnota
podilu vyuZitych odpadd ve srovnani s hodnotou readlnou. €SU (2018) agreguje data o produkci

odpadl pomoci dotaznikového Setfeni. Dotazniky jsou zasilany kazdoro¢né nejvyznamnéjsim
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subjektim vybranym na zdkladé zvolenych charakteristik, jednou za tfi roky tzv. ,rotacnim
modelem”, jsou dotazniky zasilany zbylym subjektim. Produkce odpadl u neoslovenych
subjektl je urcena dopoltem. Vtomto pripadé je na misté drobnd nejistota, tykajici
se neoslovenych subjektd. Vyhodou dotaznikového Setfeni mlze byt skutecnost, Ze data
od oslovenych subjekti jsou anonymizovdna. Z poskytnutych dat CSU neplynou v Ceské
republice pro oslovené subjekty dlsledky v podobé postih(i ze strany organu verejné spravy
v oblasti odpadového hospodarstvi. Udaje CSU a MZP o produkci odpadil se lisi v pFipadé
komunalniho odpadu vlivem odliné definice tohoto pojmu. Podle CSU se jedna o odpad
nashromdzdény v obci, véetné podobnych odpadl od dalSich subjekt(. Jednd se o odpady,
o kterych se CSU dozvi z dotaznikl zaslanych obcim. Hodnota ziskana CSU je vidy nizsi
nei hodnota ziskand MZP, které s¢ita veskeré vznikajici odpady pFislugnych druh(, tedy véetné
odpad(, se kterymi nakladaji obcané a dalsi subjekty individualné mimo systémy zavedené

obcemi.

Od roku 2011 je stejnym zpGsobem ze strany CSU vyhodnocovéana produkce tzv. druhotnych
surovin, tedy vedlejSich produkt(l a upravenych odpadu poté, co prestaly byt odpady. Tato
kategorie je pfiblizné zpoloviny tvofena vedlej$imi produkty pochazejicimi z energetiky a MZP

se ji nezabyva.

Nékteré z materidlovych tok( Ize UspéSné kvantifikovat také pomoci vypoctu
(na mikroekonomické urovni napf. Dvorak, 2012), vypoclty je moziné provést na zdakladé
stechiometrickych poméru rtznych latek v chemickych procesech, pomoci fyzikalnich zakon(
nebo na zakladé extrapolace zndmych dat. V pfipadé kvantifikace na zakladé stechiometrie
se |ze dopustit nepresnosti zplsobenych proménlivym sloZzenim material(i (napf. obsah vody,
Cistota chemickych latek), v pfipadé extrapolace se jedna spiSe o aproximaci. Pro ovéreni
vyslednych hodnot je vhodné sestavit celkovou bilanci nebo pouZit dvé a vice vypoctovych

metod a porovnat vysledky.

Metody stanoveni indikdtori materidlovych tokd a navazujicich indikatord dopadu
se pribéziné vyvijeji. Z toho dlvodu je v pfipadé publikace vysledkli MFA nebo LCA dulezité
zverejnit téZ pouzitou sadu dat. Pokud vstupni datova sada nebude v budoucnosti dostupna,
bude velmi obtiZzné po pfipadné zméné metodiky vysledné indikatory porovndvat mezi sebou.

V fadé publikaci vSak pouZita sada vstupujicich dat zcela chybi (napf. Burchart-Korol et al.,
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2018) a po zméné metod pro stanoveni indikatord v budoucnu nebude moZné udaje

prepocitat a porovnat.

V mnoha pfipadech jsou sohledem na cile LCA vyuZivdny jenom nékteré z indikator(
(napf. uhlikovd stopa sleduje pouze toky CO,, pfipadné CO. ekvivalentu). Vysledky téchto
analyz je pak tfeba nalezité interpretovat, protoze nevystihuji kompletni dopady na Zivotni

prostredi.

Nékteré z indikator( jsou v soucasné dobé teprve predmétem vyzkumu a neexistuje pro jejich
stanoveni univerzalni metoda. Pfikladem soucasného vyzkumu je indikdtor zdboru pady

(napf. Perminova et al., 2016; Zhang et al., 2018; Nijdam, 2019).

Problematickd téZz byva interpretace vysledkiG MFA, zejména pomoci indikdtoru DMC
pfi porovndvani environmentdlnich dopadld narodnich ekonomik (Eurostat, 2019a).
V soucasné dobé neni obvykle zdroven uvadéna hodnota stavu zasob socioekonomického
systému. Staty s vySSim stavem zdsob material( (typicky kovl, stavebnich hmot) by mély
materialy ucinné opakované vyuZivat. Spotfeba surovin se pfi uzavirani materidlového toku
(recyklaci) sniZuje s narQstajicim stavem zasob (Tanikawa et al., 2015). Princip lze ilustrovat
dobre v pfipadé zdboru pldy pro vystavbu, kdy by mély byt vrozvinutych zemich
yrecyklovany” tzv. brownfieldy (zastavéné nebo industrialné ¢i komercéné vyuzivané plochy

v soucasnosti nevyuzité), pokud jsou jiz k dispozici (Bartke a Schwarze, 2015).

2.5 Vyroba elektrické energie a tepla ve spalovacich zdrojich

Svétovd spotieba energie mezi lety 1990 az 2016 vzrostla z 350000 PJ na 550 000 PJ
(UN, 2019), pricemz rlst spotfeby byl zaznamendn predevsim v Asii. Spotieba energie
v Evropé a Severni Americe se prakticky nezménila. BEhem tohoto obdobi byl zaznamenan
pokles spotieby ve vSech svétadilech v roce 2010 jako nasledek svétové ekonomické krize
z let 2007 a 2008 (Temin, 2010). Pfiblizné 8 z 10 obyvatel Zemé méli vroce 2012 pfistup
k elektrické energii (Panos et al., 2016). Svétova vyroba elektrické energie vzrostla mezi lety
1990 aZz 2016 z 12 000 TWh na 25 000 TWh (z 43 200 PJ na 90 000 PJ). Narust vyroby probihal
mezi lety 1990 aZ 2016 predevSim na spalovacich zdrojich o priblizné 9200 TWh (odpovida
33 100 PJ), ndrlst vyroby z ostatnich zdroji (jaderné elektrarny, vodni elektrarny a dalsi) Cinil

pouze 3 800 TWh, (odpovida 13 700 PJ). Vyroba elektrické energie podle jednotlivych zdroju
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je zndzornéna na obrdazku 6. Vyroba tepla v obdobi let 1990 az 2016 narostla vlivem asijskych
zem{ (zejména Ciny), v Evropé klesla z necelych 13 tis. PJ v roce 1990 na 8,5 tis. PJ v roce 2016
(UN, 2019). Béhem vyroby tepla byly vroce 2016 dominantni spalovaci zdroje. 41,8 %
svétového tepla distribuovaného parovodnimi a horkovodnimi sitémi bylo vyrobeno

kombinovanou vyrobou tepla a elektrické energie a 57,9 % v teplarnach.

1

Obnovitelné zdroje 22,89

Uhli araselina 39,45

Jaderna energie 10,63

Ropné produkty 4,09

Zemni plyn 22,93

Obrazek 6: Svétova vyroba elektrické energie podle zdrojl v roce 2016 dle dat IEA (2018) v %. Posledni
zndmé data v dobé pFipravy této prace. !vietné odpadd; s vylouéenim prederpavacich vodnich
elektraren.

Dle udaju Mezindrodni energetické agentury (IEA, 2019) se zastavil rlst rocnich emisi CO;
ze spalovani fosilnich paliv v roce 2013 a zaroven se mezi lety 2010 az 2016 stabilizovala
spotieba primarnich zdroji energie na osobu (viz obrazek 7). Svétova rocni spotifeba vsech
typ uhli dokonce klesla mezilety 2012 az 2016 z 62 Mt na 53 Mt, rist spotifeby tak v soucasné

dobé probihd pouze u plynnych a kapalnych fosilnich paliv.
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Obrazek 7: Primérna rocni spotieba elektrické energie, spotifeba primarnich zdroji energie
a produkce emisi CO, na jednoho obyvatele Zemé mezi lety 2000 az 2016 dle dat IEA (2019),
znazornéno jako index dle hodnot pro rok 1990. Spotieba elektrické energie na jednoho obyvatele
rostla primérné o0 17,5 % ro¢né bez ohledu na skutec¢nost, Ze mezi lety 2010 aZ 2016 doslo ke kulminaci
spotieby viech primarnich zdroji energie na obyvatele. Z pribéhu kfivek je patrny dopad svétové
hospodarské krize na spotfebu energie a souvisejici produkci emisi CO, na jednoho obyvatele v roce
20009.

2.6 Vyroba elektrické energie a tepla z fosilnich paliv v Ceské republice

Ceska republika je v poslednim desetileti setrvale na 5. ai 7. misté na svété mezi zemémi
s nejvyssi bilanci vyvozu a dovozu elektrické energie (UN, 2018). V roce 2016 se CR propadla
v poradi zemi EU na 4. misto, ale méla stédle srovnatelnou bilanci jako 3. Svédsko (Eurostat,

2019b).

Nejvyznamnéjsi dopady Ceské energetiky na Zivotni prostfedi jsou v soucasné dobé spojeny
se spotfebou hnédého uhli, které tvofi 21 % DMC a 22 % domdci uzité tézby v Ceské republice

(WU Vienna, 2019).
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Burchart-Korol et al. (2018) na zakladé LCA Ceské a polské energetiky dosli k zavéru, Ze dopady
ostatnich zpUsob( vyroby elektrické energie jsou zanedbatelné ve srovnani s dopady spotieby
uhli v obou zemich (v Polsku je vyznamna také spotfeba €erného uhli). V Ceské republice
je podstatnym zdrojem pro vyrobu elektrické energie stdle hnédé uhli (viz obrazek 8) tézené
v severoceské oblasti v ramci tzv. Uzemné ekologickych limit(l t&7by zavedenych usnesenim
vlady Ceské republiky €. 444/1991 (vice viz Riha et al., 2005), revidovanych naposledy v roce
2015 na lomu Bilina (v dobé pfipravy prace zde tézila spol. Severoceské doly a.s. vlastnéna
koncernem CEZ ovladanym Ceskou republikou). Nejvétsi pfimo dostupné zasoby hnédého uhli
le?i v cele lomu CSA za Uzemné ekologickymi limity, pod obcemi Horni lifetin, Cernice
a aredlem chemickych zavod( v Zaluzi. V dobé pripravy této prace provadéla privatni

spole¢nost Utlum tézby.

Ostatniplyny? 3%

Zemni plyn 4% Vyrobena elektricka

Primarni zdroj energie
Cerné uhli 5% GWh PJ
Jaderna energie 28 340 102,0
Hnéde uhli 36978 1331
) . Ostatni fosilni paliva 10313 37,1
Jaderne energie Obnovitelné zdroje 10237 36,9
’ Celkem 85 868 309,1

Hnédé uhli 43%

Obnovitelné zdroje - paliva® 6%

Obnovitelné zdroje - ostatni® 5%

Obrazek 8: Vyroba elektrické energie v Ceské republice podle primarnich zdroj energie v roce 2017
dle dat ERU (2018a), bez precerpavacich elektraren. Brutto, elektrarny spotfebovaly v roce 2017
pFiblizné 6 TWh elektrické energie. Posledni zndmd data v dobé pfipravy prace. ! bioplyn, biomasa,
odpady; % vétrna, solarni energie a vodni energie (bez preferpavacich elektraren); 3 fosilni plynnd
paliva, napf. koksarensky plyn

Ambicidzni Statni energetickd koncepce (MPO, 2015a), pocitajici se snizovanim zavislosti
energetiky Ceské republiky na fosilnich palivech a Utlumem t&zby uhli do roku 2040, nebyla
jiz v letech 2015 — 2018 dodrZovana. Stejné tak cile Narodniho akéniho planu Ceské republiky
pro energii z obnovitelnych zdroji (MPO, 2015b) pro rok 2020 pravdépodobné nebudou

splnény. Doslo sice k narlstu vyroby elektrické energie z obnovitelnych zdroji energie,
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ale spotfeba energie rostla do roku 2017 rychleji, nez predpokladalo MPO. Podil
obnovitelnych zdroji na vyrobé elektrické energie byl vroce 2016 pfiblizné polovi¢ni
ve srovnani s celosvétovym pramérem (viz také grafy na obrazcich 7 a 8). MPO omezil podporu
fotovoltaické vyroby elektrické energie. Vyjimkou jsou elektrarny na stfechach nebo sténach
budov s maximalnim vykonem 30 kWp (odhadem 400 m? rovné stiechy), pfestoZe nékteré
pramyslové nebo obchodni aredly ¢i brownfieldy maji k dispozici plochu dostatecnou
pro vykonnéjsi zdroj. Vyznamny rozvoj je naopak cilem pfi vyuziti vétrné energie a biomasy
(v€etné bioplynu), prestoze pti konvencénim zpUsobu ziskavani biomasy je v soucasné dobé

spotfebovavdno vyznamné mnozstvi nafty (napf. Maier et al., 2017).

MPO (2015a) také pocitalo pfi nahrazovani zakladniho instalovaného vykonu uhelnych
elektrdren s rychlejSim rozvojem jadernych zdroji v Dukovanech a Temeliné, nebo alespon

udrZenim soucasného vykonu pro roky pfisti (vice Frantal a Maly, 2017).

Vyroba tepla v systémech zasobovani teplem je také znacné zavisla na fosilnich zdrojich paliv
(obrazek 9), zejména na hnédém uhli, ¢erném uhli a zemnim plynu. Pfiblizné 55 % tepla
z hnédého uhlia 37 % tepla ze zemniho plynu pochazi z kogeneracni vyroby elektrické energie
a tepla. Ostatni paliva byla pfi vyrobé tepla vyuzivana prevaziné ve vytopnach (ERU, 2018b).
Zavislost vyroby tepla v systémech déalkového vytdpéni na fosilnich palivech je wvyssi
nez v pripadé vyroby elektrické energie. V pfistich dvaceti letech ma pokracovat nardst

instalovaného elektrického vykonu v méstskych teplarnach (MPO, 2015a).
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Ostatni * 4% o .4
Odpadniteplo 5% Obnovitelné zdroje * 13%
(+]

Ostatni plyny 2 7%

Primarni zdroj Vyrobené teplo
[PJ]
Obnovitelné zdroje 21,3
Hnédé uhli 68,8
Zemniplyn 19% Cerné uhli 16,9
Zemni plyn 30,7
Ostatni plyny 11,0
Odpadni teplo 74
Ostatni 6,2
Cerné uhli 1 10% Celkem 162,4

Obrazek 9: Vyroba tepla v systémech zasobovani teplem v Ceské republice podle primarnich zdroja
energie v roce 2018 dle dat ERU (2019b). Brutto, dodavka tepla odbérateltim ¢inila pfiblizné 55 %.
Posledni zndm3d data v dobé pfipravy prace. ! éerné uhli a koks, koks mél zanedbatelny podil; 2 fosilni
plynna paliva, nap¥. koksarensky plyn, propan apod.; 3 ostatni paliva véetné odpad( (4,5 PJ) a déle
z kapalnych paliv (0,5 PJ), jaderné energie (0,8 PJ) a dal3ich zdrojd. * biomasa, bioplyn, solarni energie,
geotermdlni energie

Spolu s Ceskou republikou mohou byt ohrozeny budoucim nedostatkem uhli tézeného v Ceské
republice té7 staty, které jsou ¢aste¢né zavislé na importu elektrické energie z Ceské republiky,
zejména Rakousko a Slovensko, sekundarné také staty Balkanského poloostrova
s dlouhodobym deficitem elektrické energie dle statistik UN (2018), coZ odpovida skutecnosti,
Ze prebytky energie jsou dodavany v EU v soucasné dobé smérem od severu k jihu a vychodu
(Snobr a Vrba, 2016). Pokud by ¢eské zdroje elektrické energie byly nahrazeny ve velké mire
zdroji na severu Némecka, byly by nutné investice do ¢eské prenosové soustavy, protoze Ceskd
republika je z pohledu prenosu elektrické energie jiz dnes zemi tranzitni. Na misté mize byt
obava, Ze tlak na udrzeni relativné vysoké produkce elektrické energie z hnédého uhli mlze
pfijit i ze zahranici, protoZze Evropskd unie nema spolecnou strategii pro udrzeni energetické
bezpecnosti (Belyi, 2016). Spole¢nou strategii by mohla prinést tzv. Energetickd unie (Szulecki
et al., 2016), jednim z cilG ma byt snizeni zavislosti na ruském zemnim plynu (Austvik, 2016).
V pfipadé pokracovani tézby hnédého uhli za soucasnymi limity bude sice jeho spotieba
dlouhodobé klesat, ale vyvoj bude zavisly na cené tzv. evropskych emisnich povolenek (Recka
a Stastny, 2016). Budouci vyvoj dariového zatizeni vyroby tepla z fosilnich paliv a dostupnost

fosilnich paliv mGze obyvatele Ceské republiky a dalsich vychodoevropskych zemi, ktefi jsou
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pfipojeny na systémy zdsobovani teplem, uvrhnout do energetické chudoby (Bouzarovski

a Herrero, 2017).

V Ceské republice se projevuje ob&ansky protest proti pokracovani téiby hnédého uhli, kterym
se zabyvali naposledy Cernoch et al. (2019). Dle jejich vysledkil protestujici z mista t&zby
vnimaji pfedevsim dopady téZzby a souvisejici vyroby elektrické energie na zivotni prostredi
lokalniho charakteru, zatimco jejich podporovatelé prevainé z vétSich mést zminuji globalni
dopady na Zivotni prostredi, zejména globalni zménu klimatu. Protestujici dle autor shodné
vnimaji poplatky téZzebnich spolec¢nosti statu jako nizké (v dobé pfipravy této prace 1,18 K¢
za 1 GJ vyhrevnosti téZzeného hnédého uhli dle nafizeni vlady ¢. 98/2016 Sb. o sazbach uhrady).
Cinnost hnuti Limity jsme my zminilo Ministerstvo vnitra Ceské republiky (2017) ve své zpravé

0 extremismu.

Dulezitou otazkou je, jak se ¢eska energetika vyrovna s mezinarodnimi zavazky pro snizovani
emisi $kodlivin podle Umluvy o dalkovém znecistovani ovzdusi presahujicim hranice statd
(UNECE, 2012). Vétsina zdroji elektrické energie a tepla spalujicich hnédé uhli v Ceské
republice jiz v souc¢asné dobé disponuje nékterym ze systému odsifeni (Dvorak et al., 2017),
atak je na misté otdzka, zda je soucasnd uroven systém( CciSténi emisi dostatecna.
Jen omezené mnozstvi zdroj v Ceské republice disponuje systémem snizovani oxidd dusiku

(Vavrova et al., 2017).
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3. Cile prace

Identifikace a kvantifikace zakladnich vstuptl a vystupt sektoru energetiky Ceské republiky.

Cilem bylo identifikovat a kvantifikovat vstupy a vystupy nejvyznamnéjSich materialQ
pro vyrobni systém definovany jako odvétvi spalovani fosilnich paliv za Géelem vyroby verejné
distribuované elektrické energie a tepla v sektoru energetiky Ceské republiky. Cile mélo byt
dosaZeno s prednostnim vyuZitim dostupnych statistickych dat tak, aby byla analyza MFA

snadno replikovatelnd v budoucnosti.

Posouzeni vstupt a vystupu pri vyrobé energie pomoci vybranych indikatord dopadu.

Cilem prace bylo na zakladé zndmych materialovych tokl posoudit dopady spalovani fosilnich
paliv pfi vyrobé elektrické energie a tepla v Ceské republice pomoci vybranych midpointovych
indikdtor( dopadu na Zivotni prostredi v pfipadech nadregiondlni nebo globdlni Urovné
dopadu. Jednalo se zejména o indikatory: spotfeba fosilnich paliv, materidlovad spotreba,

globdlni zména klimatu, okyselovani prostfedi, emise ¢astic a prekurzord vzniku ¢astic.

Navrzeni realizovatelnych opatfeni, kterd mohou vést ke zmirnéni dopadul na Zivotni prostredi

pri vyrobé energie a ke zlepSeni dostupnosti zdroji energie.

Cilem prace bylo navrhnout opatieni vedoucich ke zmirnéni dopadl na Zivotni prostredi
a ke zlepSeni dostupnosti zdroji energie. Jednd se o opatfeni vedouci ke zlepSeni
informovanosti vefejnych instituci i korporatni sféry o materidlovych tocich a jejich dopadech
a také o praktické navrhy pro nakladani se zdroji energie. Navrh opatfeni vyplyva predevsim
ze soucasné urovné dostupnych dat a jejich zplUsobu agregace a dale z vlastnich vysledki

prace.

Doplnéni souc¢asnych metod pro posuzovani dopadd socioekonomickych systému na Zivotni

prostredi.

Cilem prace bylo doplnit stavajici metody analyzy MFA a pfipadné analyzy dopad( LCA

o poznatky ziskané v pribéhu préce.
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4. Vlastni prace
Disertacni prace ma charakter souboru jiz publikovanych ¢lankdl, které jsou prezentovany

formou pfiloh prace 1-5.

Priloha 1:
Dvorak, J., Wittlingerova, Z., Vochozka, M., Stehel, V., Marouskova, A. (2018). Updated energy
policy of the Czech Republic may result in instability of the electricity grid in Central

Europe. Clean Technologies and Environmental Policy, 20(1), 41-52.

Priloha 2:

Stehel, V., Dvorak, J., Wittlingerova, Z., Petruzelkovd, A. (2019). Economic contradictions
of the waste-to-energy concept and emissions reduction plan (case study, Czech
Republic). Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 41(13),

1622-1629.

Priloha 3:

Dvordk, J., Wittlingerova, Z., Bicanova, K., Skalos, J. (2017). Indicators for Built-up Area
Monitoring — A Case Study of the Czech Republic and the EU. Scientia agriculturae
bohemica, 48(3), 142-153.

Priloha 4:

Dvorak, J., Wittlingerovd, Z., Bicanovd, K. (2015): Energy consumption for coal and lignite
mining and treatment in the Czech Republic. In: In: SGEM2015 Conference Proceedings,
Book 5 Vol. 2. 15th International Multidisciplinary Scientific GeoConference SGEM 2015,
Albena, Bulgaria, June 18—-24: 549-556.

Priloha 5:

Bicanova, K., Wittlingerova, Z., Dvorak, J., Zimova, M. (2015). The material flows of lead in the

Czech Republic. Resources, Conservation and Recycling, 98, 1-8.
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5. Komentare k publikacim
Vysledky prace byly publikovany ve studiich, které jsou pfilohami 1-5 této prace. Studie vedly

ke splnéni zakladnich cilG uvedenych v kapitole 3.

Identifikace a kvantifikace zakladnich vstupd a vystupt sektoru energetiky Ceské republiky.

Toky zakladnich materiald (fosilnich paliv) do energetiky Ceské republiky je moZno
identifikovat z dostupnych statistickych dat. ReSersi bylo jednoznaéné urceno spalovani
fosilnich paliv v tepelnych elektrarnach a teplarnach za nejvyznamnéjsi aktivitu z pohledu toku
materidld a z pohledu dopad(l na Zivotni prostiedi v Ceské republice. Z toho dlivodu bylo
pfistoupeno k analyze materidlovych tokl pfi spalovani fosilnich paliv (pfedevsim hnédého

uhli) pfi vyrobé elektrické energie a tepla.

Vysledky analyzy materidlovych tokd (pfiloha 1) mohou byt jednim z podkladl k fizeni toku
energeticky vyuZivanych surovin v Ceské republice. Metody, které byly pouZity pro vypocet,
mohou byt vyuZity pro analyzu materialovych tokd surovin vyuzZivanych v energetice, které
dosud nezaradila Evropskd komise (European Commission, 2019) do Informacniho systému

o surovindach na urovni jednotlivych zemich.

Pomérné detailni znalosti materialovych tokl v energetice se mohou stat klicovym podkladem
pro priblizovani ¢eského hospodarstvi k cilim udrzitelného rozvoje (strategie SGDS 2030; UN,
2015), zejména: cil 7 — Zajistit pfistup k cenové dostupnym, spolehlivym, udrzitelnym
a modernim zdrojim energie pro vsechny; cil 9 - Vybudovat odolnou infrastrukturu,
podporovat inkluzivni a udrzitelnou industrializaci a inovace; cil 12 - Zajistit udrzitelnou

spotrebu a vyrobu.

Posouzeni vstupt a vystupl pri vyrobé energie pomoci vybranych indikatort dopadu.

Posouzeni dopad(i materidlovych tok( na Zivotni prostredi je z hlediska spalovani fosilnich
dostatecnym indikatorem zatizeni Zivotniho prostifedi z dlvodu rlznych potencidld
vypousténych latek v kategoriich dopadu. Dopady zjisténych materidlovych tokd na Zivotni
prostfedi je mozno vyjadrit pomoci indikator(i dopadu popsanych v kapitole 2.1.4. Vybrané
indikatory dopadu byly vycisleny v pfiloze 1, na mikroekonomické urovni pak také v priloze 2.
Kompletni LCA pro vyrobu elektrické energie a tepla z fosilnich paliv nebyla provedena.

Pro kompletni posouzeni sektoru energetiky pomoci LCA by bylo nutné vyuzit néktery
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z programi pro praci s databazemi (napf. databaze spolecnosti Ecoinvent). Vysledky tohoto
typu LCA vsak byly publikovany nedlouho po €¢lanku v pfiloze 1 (Burchart-Korol et al., 2018),
jednalo se o srovnavaci analyzu typu od kolébky k brané (cradle-to-gate, Durucan et al., 2006)

pro ¢eskou a polskou energetiku.

Navrzeni realizovatelnych opatfeni, kterd mohou vést ke zmirnéni dopadu na zZivotni prostredi

pri vyrobé energie a ke zlepSeni dostupnosti zdroju energie.

NavrZzena opatfeni se tykaji metod posuzovani vyroby elektrické energie a tepla ve spalovacich
zdrojich, ovéreni aktualni statni energetické koncepce a porovnani dopadi na Zivotni prostredi
pfi spalovani fosilnich paliv a odpadl. V komentafi k ¢lanklm v pfilohdch 1 a 2 je zdlivodnéna
volba vhodnéjsi definice (funkéni) jednotky nez mnozstvi vyrobené elektrické energie, protoze
teplo byva nedilnou soucasti kogeneracni vyroby energie a je bézné vyuzivano. Nalezeni
poméru mezi distribuovanou elektrickou energii a distribuovanym teplem je v tomto pfipadé
klicové pro urceni dopadl spotfeby obou typl energii. V pfilohdch 1 a 2 jsou také zminény

nékteré nedostatky znalostnich databazi MZP a MPO.

V soucasné dobé nejsou na narodni urovni dostupné dostatecné presné Udaje o toku surovin
vyuzivanych v energetice k ¢isténi spalin, predeviim vdpence, jeho? téiba je v Ceské republice
ve stietu s ochranou pfirody ve zvlasté chranénych tzemich. Jednim z cil( studie v priloze 1
proto bylo nalezeni metody pro kvantifikaci vstupl vdpence a vapennych produkti

do systému energetiky.

Studie v pfiloze 2 se vénovala kvantifikaci dopadd na Zivotni prostredi pfi nahradé hnédého
uhli smésnymi komunalnimi odpady v kogeneracnich systémech zdsobovani teplem jako

reakce na predpokladany vyvoj nakladani s odpady v Ceské republice.

Doplnéni sou¢asnych metod pro posuzovani dopadl socioekonomickych systému na Zivotni

prostredi.

Cilem prace bylo doplnit stavajici metody analyzy MFA a pfipadné analyzy dopadd LCA
o poznatky ziskané v pribéhu préce.

Stdvajici metody MFA jsou v této praci uzplsobeny pro sektorovou MFA, kterd je uplatnéna
na prikladu sektoru energetiky Ceské republiky. Cilem prace bylo také ovéfit moznost pouziti

analyzy MFA k ovéreni Statni energetické koncepce a jejiho souladu s mezindrodnimi zavazky

Ceské republiky tykajici se emisnich stroptl znetistujicich latek (priloha 1).
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Studie v pfiloze 2 pfindsi srovnavaci analyzu materidlovych tokd s prvky analyzy LCA
na mikroekonomické urovni. Cilem prace bylo porovndni vyuzivani fosilnich paliv a odpadq,
které maji byt vnimany jako plnohodnotny zdroj podle principt tzv. obéhového hospodarstvi,
prestoZe publikované srovnavaci analyzy se vSak aZz do soucasnosti zabyvaly predevsim

porovndavanim dvou nebo vice sledovanych systému vyuzivajich paliva stejné kategorie.

ZpUsoby interpretace indikatord materialovych tokl reprezentovanych indikatorem DMC jsou
kriticky hodnoceny ve studii v pfiloze 3 a jejich kompatibilita s indikatory vyuzivani krajiny
je nedostatecna. Zabor krajiny v soucasné dobé nebyva na makroekonomické urovni viibec
zafazen mezi indikdtory spotfeby (napf.v SEEA 2012), prestoZe kvalitni puda
je neobnovitelnym zdrojem (UNFAO, 2015), krajina plnici zakladni funkce nebo obecné
dostupny prostor na Zemi je povazovdna za omezeny zdroj podobné, jako suroviny (Brunner

a Rechberger, 2003).

Prvni publikace (v pfilohach 4 a 5) vysly v roce 2015 a od doby jejich ptipravy nastal posun
v oblasti vyzkumu a také v oblasti sbéru dat na ndrodni rovni celé fady zemi. V soucasné dobé
jsou dostupna néktera nova data vyplyvajici z Ucetnictvi materialovych tokd na narodni urovni,
ktera nebyla dostupnd jesté v dobé pripravy publikace v pfiloze 1 a kterd jsou agregovana
pomoci metod vyplyvajicich predevsim ze SEEA 2012. Prehled o indikatorech materidlovych
tokd EU-28 nabizi Evropska komise (European Commission, 2019) v Informacnim systému
o surovinach (Raw Materials Information System — RMIS), ic¢elem tohoto systému je propojeni
a znazornéni Udajl za ucelem posouzeni dostupnosti surovinovych zdroju, efektivity vyuzivani
zdroju a dopad( vyuZivani zdroj na Zivotni prostfedi. V pripadé jednotlivych ¢lenskych zemi
ale RMIS prozatim neprezentuje spotifebu energetickych surovin. Z tohoto pohledu se zd3
vhodnéjsi Globdlni databaze materidlovych tok( (UN International resource panel, 2019),
ktera je prehledné znazornéna v grafech Portalu analyzy materidlovych tokd (WU Vienna,
2019). Portal vznikl za podpory Rakouského spolkového ministerstva pro trvale udrzitelny
rozvoj a cestovni ruch na Videnské univerzité ekonomiky a podnikani ve spolupraci
s Organizaci védeckého a priimyslového vyzkumu Commonwealthu a Nagojskou univerzitou.
Od roku 2015 (analyzované obdobi, ¢lanek v pfiloze 1) do roku 2017 se dle Portdlu analyzy
materidlovych tok(l sloZeni a mnozstvi materialQ tvoficich DMC Ceské republiky vyznamé

nezménilo (WU Vienna, 2019). V roce 2015 byla Ceska republika s uZitou t&Zbou fosilnich paliv
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o hmotnosti 4,43 t na osobu na tfetim misté poradi zemi EU-28 za Estonskem a Bulharskem,

podobné na tom bylo &tvrté Recko.

5.1 Aktualizace Energetické koncepce Ceské republiky miiZe zptsobit
nestabilitu dodavek elektrické energie ve stiredni Evropé.

Ptiloha 1. V originale: Updated energy policy of the Czech Republic may result in instability

of the electricity grid in Central Europe.

Prvni MFA v sektoru Ceské energetiky byla vypracovana jiz v roce 2013. Z této analyzy byly
publikovany pouze dil¢i vysledky tykajici se energetické narocnosti tézby a Upravy fosilnich
paliv v Ceské republice (pfiloha 4). Jednim z vyplyvajicich doporuceni bylo, aby v piisti
aktualizaci Statni energetické koncepce bylo brano v Gvahu vice scénard vyvoje. Pfi pripravé
posledni aktualizace Statni energetické koncepce Ceské republiky z roku 2015 jiz MPO (2014)

pracovalo s nékolika scénati vyvoje, z nichz byl ale pouze jeden scéndr vybran a optimalizovan.

Cilem studie bylo kvantifikovat a identifikovat materialové toky pro zvoleny vyrobni systém —
spalovani fosilnich paliv za ucelem vyroby verejné distribuované elektrické energie a tepla
v sektoru energetiky Ceské republiky (NACE 35). Na zakladé vysledk(i analyzy MFA byla
nasledné ovérovana splnitelnost platné statni energetické koncepce a jeji soulad
s mezinarodnimi zavazky tykajicimi se emisnich stropl pro emise SO, a NOx. Kromé toho byly
také hodnoceny indikatory dopadu na Zivotni prostredi v kategoriich spotfeba fosilnich paliv
jako zdrojii energie, materidlovy vstup, GWP100, okyselovani prostiedi, emise Ccastic

a prekurzor( vzniku ¢astic.

Vysledky prace naznacuiji, Ze statni energetickd koncepce je jen obtizné splnitelnd, a to pouze
v pfipadé rychlého rozvoje jaderné energetiky a vyuZzivani dostupnych obnovitelnych zdroju
energie. V opacném pripadé nejsou k dispozici zadné rezervy hnédého uhli v pfipadé
zachovani soucasnych uzemné ekologickych limitd tézby. Snizeni spotfeby hnédého uhli
vsouladu s platnou statni energetickou koncepci nemusi byt v budoucnu dostatecné
pro splnéni emisnich stropl pro emise SO, a NOx. Tato skutecnost pravdépodobné zpUsobi,

Ze spotfeba vapence pro odsifeni nebude klesat pfimoumeérné se spotfebou hnédého uhli.

Ztraty energie pri samotné preméné energie ze spalovanych paliv vyznamné dominuji

v pribéhu Zivotniho cyklu vyroby tepla a nasledné elektrické energie (obrazek 10). Také
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z provedené reSerSe analyz LCA typu ,cradle-to-gate” vyplynulo, Ze spalovani fosilnich paliv
je pri¢inou nejvainéjsich kvantifikovatelnych dopadld provozu systém( vyroby elektrické
energie spalujicich fosilni paliva. Z toho dlivodu bylo pfistoupeno k podrobné sektorové MFA
zamérené pouze na spalovani fosilnich paliv. Na zakladé vysledkd MFA byly vypocteny vybrané

indikatory dopadu na Zivotni prostiredi v souladu s doporuc¢enim Kovandy (publikovano 2017).
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Obrazek 10: Tok energie obsazené v palivu pfi vyrobé elektrické energie z hnédého uhli v Ceské
republice, sestaveno dle dat CSU pro rok 2011. PFiblizné 1/4 energie je vyuZita koneé¢nymi spotfebiteli
ve formé elektrické energie.

Pod odbornym vedenim prof. Zderiky Wittlingerové byly identifikovany a kvantifikovany
materidlové toky pro vyrobu elektrické energie a tepla z fosilnich paliv v Ceské republice.
Ze spoluprace s prof. Markem Vochozkou vyplynulo vyuZiti vysledki MFA pro ovéreni
aktualizované Statni energetické koncepce z roku 2015. Spoluautofi Vojtéch Stehel a Anna
Marouskova vybrali védecky ¢asopis Clean Technologies and Environmental Policy vhodny

k publikaci a podileli se na Upravé uvodni ¢asti a stylu ¢lanku pro tento ¢asopis.

V souladu s metodami analyzy MFA popsanymi v reSersni ¢asti prace byly nastaveny hranice
posuzovaného socioekonomického systému na vyrobu elektrické energie a tepla pro rok 2015.
Jednalo se o hranice systému pro Gzemi Ceské republiky, sektor energetiky, odvétvi vyuZivani
fosilnich paliv. Soucasti posuzovaného socioekonomického systému nebyly Cinnosti: tézba
uhli, doprava uhli, rozvod energie a spotieba energie. Dle metod analyzy LCA by se jednalo
o nastaveni definovatelné jako gate-to-gate (Jiménez-Gonzalez et al., 2000). Jako definovana

(funkéni) jednotka pro stanoveni indikatorovych hodnot byl zvolen 1 PJ distribuované energie,
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vzajemny pomér distribuované elektrické energie a tepla Cinil v posuzovaném systému
pfiblizné 2,8:1 pro analyzované obdobi. Definice funkéni jednotky timto zpUsobem neni
v publikacich ostatnich autorl obvykla, castéji byva definovana funkéni jednotka jako
elektricka energie a teplo byvéa zanedbano (Turconi et al., 2013). V prostfedi Ceské republiky
je podil distribuovaného tepla vyrobeného v kogeneracnich zdrojich znaény (pfiblizné 55 %
v pfipadé hnédého uhli). Zanedbani vyuZitého tepla by tak vedlo ke zkreslenym vysledkim
a jejich obtizné interpretaci, protoze elektrickd energie v posuzovaném systému nemuze bez
tepla vznikat. Pro nastavené hranice systému byly identifikovany zakladni vstupy a zakladni
vystupy s naslednym dopadem na Zivotni prostfedi. Hranice pro vstupy byly pfimo na vstupu

do vyrobni technologie a zména stavu zasob tak byla zanedbatelna.

Vstupy vapence, ktery je vyuZivan k neutralizaci spalin, nebylo moZno dostatecné
kvantifikovat pomoci dostupnych dat. Vstupy vdpence byly proto kvantifikovany tremi
vypoctovymi metodami, z nichZ dvé byly zaloZeny na stechiometrickych vypoctech (na zakladé
znalosti obsahu siry ve spalovaném uhli a na zadkladé znalosti mnoZstvi vznikajiciho produktu
odsifeni) a treti na zakladé extrapolace udajl zjisténych na mikroekonomické drovni. Vysledky
dosazené témito metodami se [iSi. Hodnota vypocitand na zakladé obsahu siry
ve spotfebovaném uhli (1,460 mil. t) je vyssi, nez hodnota ziskand extrapolaci korporatnich
dat (1,326 mil. t). Tato skuteénost naznacuje, 7e v roce 2015 existoval v Ceské republice stale
urcity potencial pro sniZzovani emisi oxidd siry pomoci vapence. Nizsi vysledek v pripadé
vypoctu podle mnozstvi produktu odsifeni (prdmérnd hodnota 1,241 mil.t) byl
pravdépodobné dan skutecnosti, Ze pfi nékterych zpUsobech odsifeni se stava produkt
odsiteni soucasti popelovin (napf. pfidavani vdpence pfimo k palivu). Zajimavou skutecnosti
je, ze se spotrebou vapence jako neenergetické suroviny nezabyvala Statni energeticka
koncepce a ani souvisejici SEA (Strategic Environmetal Assessment — posuzovani vlivi koncepci
na Zivotni prostiedi). Pouze v Surovinové politice Ceské republiky (MPO, 2017) je obecna
zminka o spotfebé vdpencl v energetice a jejich tézbé v pfirodné cennych chranénych

oblastech.

Pomérné problematické bylo ziskani dat o celkové produkci odpadl a vedlejsSich produktt
ze spalovani fosilnich paliv v systému energetiky Ceské republiky. V EU (27 statd) vzniklo
vroce 2004 celkem 131,4 miliond t popelovin a strusky zenergetiky, vyuZito bylo

72,6 milionl t (European Commission, 2010). Nakladani s témito zbytky po spalovani zaroven
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pfindsi celou radu rizik spojenych s obsahem tézkych kovl (Goodarzi et al., 2008; Sun et al.,
2014; Zhang et al., 2016; Zhao et al., 2017), radionuklid( (Lauer et al., 2015), organickych
znecistujicich latek (Arditsoglou et al., 2004). Rizika jsou tim vyznamnéjsi, ¢im vétsi je mnoZstvi
vznikajicich zbytk(l po spalovéni (pFiblizné 1,3 tuny na obyvatele Ceské republiky roéné).
V Ceské republice se s témito materialy (latkami) zachazi nej€ast&ji v souladu s Nafizenim
Evropského parlamentu a Rady ¢. 1907/2006 o registraci, hodnoceni, povolovani a omezovani
chemickych latek (REACH, v platném znéni) a jsou ovérovany jejich nebezpecné vlastnosti
vcetné ekotoxicity. Tato skutecnost dostatecné nevypovida o koncentraci Skodlivin v téchto
materialech. Opacnym pfipadem je vyuZiti stejnych materidld v reZimu odpad( na povrchu
terénu v souladu s vyhlaskou ¢. 294/2005 Sb. o podminkach uklddani odpadd na skladky
a jejich vyuzivani na povrchu terénu, v platném znéni. Limitnim koncentracim Skodlivin

stanovenych vyhlaskou ¢. 294/2005 Sb. ale stejny material ¢asto nevyhovi.

Celkové mnozstvi tuhych vystupt z energetiky (jako druhotnych surovin) Ceské republiky bylo
v roce 2017 dle CSU (2018) pfiblizné 10,3 miliond t (mimo reZim odpad@) a 0,6 miliond t
v reZimu odpad(l (data dle metodiky CSU), z toho pfiblizné 2,5 milionu t energosadrovce
z odsiteni spalin (MPO, 2018). V dobé pripravy publikace nebyla publikace MPO (2018) jesté
vydana, z toho ddvodu byla ziskana agregovand korpordatni data od Evropska asociace pro
produkty vznikajici spalovanim uhli (ECOBA), kterd sdruzuje velké vyrobce energie z uhli
v Evropé. Z porovnani publikovanych vysledkd za rok 2015 a dat MPO pro rok 2017 vyplyva,
Ze se mirné snizilo mnozstvi tuhych vystup(l z energetiky, ale zvysil se podil produktu odsiteni
spalin (pravdépodobné vzhledem ke zpfisnujicim se pozadavkim na kvalitu emisi).
Nedostate¢né presné Udaje o mnozstvi zbytk(l po spalovani (struska, popilek, produkty
odsifeni) jsou dany evropskymi predpisy, dle kterych podléhaji povinné evidenci a ro¢nimu
ohlasovani pouze odpady. Evropska smérnice ¢. 98/2008 o odpadech totiz zna pojem vedlejsi
produkty, tedy predméty nebo latky, které vznikly pfi vyrobnim procesu, jehoz prvotnim
ucelem neni vyroba téchto latek nebo predmétu; a jejichz vyuziti je zajisSténo, a nepovede
k neptiznivym dopadlm na zZivotni prostfedi. Na tyto vedlejSi produkty se dale nevztahuji
evidencéni a ohlasovaci povinnosti podle predpist platnych v oblasti odpadového
hospodarstvi. Stuhymi zbytky po spalovani je vsoucasné dobé moZno v praxi nakladat
nékolika zplsoby. Jedna se o: 1) vyrobek (napf. registrované hnojivo, obvykle ze spalovani

biomasy, viz Tan a Lagerkvist, 2011); 2) vedlejsi produkt, ktery je vstupem dalSiho vyrobniho
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procesu (vyroba betonu, pdrobetonu, rekultivaéniho materidlu, sadrokartonu apod.);
3) odpad, ktery je vyuZit v dalSim vyrobnim procesu jako v pfipadé 2, pfipadné je vyuzit
az po uUpravé; nebo 4) odpad, ktery je odstranén ulozenim na skladce. V ptipadech ad. 1)
a ad. 2) se mnoistvi zbytk( po spalovani neobjevi v hldSeni o odpadech za kalendarni rok.
Evropska smérnice o odpadech ¢. 98/2008 predpoklada také stanoveni kritérii konce odpadu,
ktera pro tento typ odpad( zatim stanovena nebyla. Ztoho dlvodu je v soucasné dobé
mnozstvi téchto materialll mozno presnéji zjistovat (mimo plsobnost verejné spravy v oblasti
odpadového hospodaistvi) pouze na zakladé statistického vykazovani CSU, tedy na zakladé
sledovani produkce u subjektl vyrabéjich elektrickou energii a teplo (dle klasifikace produkce
CZ-CPA kod nakladani 38 a podrobnéjsi, tedy odpady a druhotné suroviny, ptipadné pro
sadrovec 08.11.20; €SU, 2017). Data o produkci jednotlivych druhd odpadd z Informaéniho
systému odpadového hospodafstvi (ISOH) MZP nebyla v analyze vyuZita, prestoZe jsou
dostupna podrobné podle jednotlivych druh( a kategorii a podle zpUsob( nakladani s nimi
(Pilnacek, 2012), protoze odpady se stava pouze malda ¢ast zbytk( po spalovani uhli. Zaroven
je potfeba prihlédnout ke skutecnosti, Ze agregovana data ziskana ze systému ISOH vzhledem

k sadé pouzivanych kédu nakladani s odpady nemusi byt vérohodna (Benes, 2019).

Mnozstvi zbytk( po spalovani uhli (podle jednotlivych typl materidld), které se nestaly
odpadem, je mozZno sledovat ve spolupraci s asociaci ECOBA na urovni Evropské unie, pripadné
na urovni narodni ve spolupraci s Asociaci pro vyuZiti energetickych produktd (ASVEP,
tabulka 9), jak to ¢ini MPO (2018). Podle Kovandy (2014) je obtizné v ptipadé zbytk( po
spalovani uhli stanovit miru indikdtoru Uc, nebot ve vétsiné pfipadd nejsou predmétem
statistického vykazovani a neni zndm presny zplsob jejich vyuZiti. Kromé toho byvaji tyto
materidly vyuzivany krlznym trvalym rekultivaénim ¢i zasypovym cinnostem v byvalych

dobyvacich prostorech a nejsou vyuzivany cyklicky.

MnoZstvi téchto materiadla (od roku 2003 pouze u energosadrovce a popilkd) je kazdoroc¢né
vykazovano Americkou védeckovyzkumnou vladni agenturou, kterd je soucasti struktur

Ministerstva vnitra USA (USGS, 2019), a Udaje jsou snadno verejné dostupné.
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Tabulka 9: Seznam ¢len(l Asociace pro vyuZiti energetickych produkt (ASVEP, 2019).

CEZ Energetické produkty, s.r.o.; Sokolovskd uhelnd, pravni nastupce, a.s.;
ENERGETIKA Tfinec, a.s.; Mondi Stéti, a.s.; Lenzing Biocel Paskov, a.s.;
vProducenti Lenzing Biocel Paskov, a.s.; Teplarna Strakonice, a.s.; Synthesia, a.s.;
v Ceské republice  Teplarna Tabor, a.s.; ZDAS, a.s.; SKO ENERGO, s.r.o.; ENERGIE Holding, a.s.;
CRYSTAL BOHEMIA, a.s.; EP Sourcing, a.s.; Sev.en EC, a.s.;
TAMEH Czech s.r.o.

Producenti
na Slovensku Slovenské elektrarne, a.s.; Ferroenergy s.r.o.

Védeckeé a vyzkumné Vysokd 3kola bariska — Technickd univerzita Ostrava; Vysoké uéeni technické
instituce a ostatni v Brné; Ing. Pavel Sokol, SG Geotechnika a.s.
Zpracovatelé Lias Vintifov, lehky stavebni material k.s.

Ostatni vstupni data byla ziskdna zejména ze statistickych vykazd rUznych instituci,

jak je popsano v tabulce €. 2 prilohy 1:

1) Cesky statisticky Gfad: Jednalo se zejména o ro¢ni spotiebu paliv &innosti CZ-NACE 35
(CsU, 2016);

2) Cesky hydrometeorologicky Ustav a CENIA: Vykazy o emisich sklenikovych plyni
a znecistujcich latek do ovzdusi (CENIA, 2017).

Soucasti studie bylo ovéfeni splnitelnosti Statni energeticka koncepce Ceské republiky a jeji
soulad s mezinarodnimi zavazky Ceské republiky pfi snizovani emisi SO, a NOx. Bylo vyuZito
znalosti vzajemného poméru vstupujicich a vystupujicich materidlovych tokd a ocekavané
vyrobené elektrické energie a tepla v letech 2020 az 2040 z hnédého uhli. Zaroven byl
predpokladan optimisticky scénar vyroby elektrické energie a tepla v kogeneracénich zdrojich
a postupné zvysovani celkové efektivity vyuzivani energie nasledujicim zplsobem: pokles
vyroby elektrické energie byl predikovan prednostné u zdrojl bez kogeneracni vyroby. Cilem
této casti prace bylo ovéreni splnitelnosti Statni energetické koncepce, nikoliv progndza
budouciho vyvoje jako takovd. Prace byla doplnéna o stanoveni indikator( dopad( sektoru
energetiky: materidlovy vstup (DMI); spotfeba primarnich zdroji energie; globalni zména
klimatu (GWP100); emise okyselujicich latek; emise Castic a prekurzora vzniku ¢astic PM10;
vznik troposférického ozonu a produkce zbytk( po spalovani uhli (vedlejsi produkty a odpady
spole¢né). Studie byla doplnéna ve svém zavéru o c¢tyri priklady mikroekonomické analyzy

vyroby elektrické energie a tepla pro ilustraci nevyrovnané urovné jednotlivych zdrojl energie.
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Dulezitym vysledkem MFA byly kvantifikované vstupy vdpence k neutralizaci spalin, které
Cinily pro rok 2015 pfiblizné 1,3 milionut (pfiblizné 13 % domaci tézby i spotieby)
a aproximace spotfeby vapence podle vyvoje spotfeby hnédého uhli sektorem energetiky
Ceské republiky. Kfivka grafu na obrazku 4 v pfiloze 1 bude spi$e spodni limitou. MnoZstvi
spotfebovaného vapence pfiblizné 17 milionGt za obdobi let 2020 az 2040 bude zjevné
prekroceno, nebo nebudou dodrzeny zavazky plynouci ze Smérnice Evropského parlamentu
a Rady (EU) 2016/2284 o snizeni narodnich emisi nékterych latek znedistujicich ovzdusi
po roce 2025. V poméru ke spotfebovanému uhli je vysledek spotieby vapence srovnatelny

s Udaji, které uvedli Spath a Mann (2004).

Snizeni zavislosti Ceské energetiky na vapenci muize byt vyvolano instalaci technologii, které
vyuzivaji ¢inidla opakované (Zhu et al., 2017) za soucasného vzniku roztoku H;SOa. Vyuzivanim
vapence a vapennych produktl k neutralizaci spalin dochazi k pfimému uvolriovéni CO;
do atmosféry (dle stechiometrického vypoctu priblizné 0,40 t CO,/t vapence). Podobny dopad
ma pripadné vyuZivani mocoviny v systémech sniZzovani emisi NOx (pfiblizné 0,73 t CO,/t

mocoviny).

Vysledky vybranych indikator( dopadu materidlovych tok( na Zivotni prostredi Ize porovnat
s vysledky LCA (Burchart-Korol et al., 2018), ktera byla publikovdna po ¢lanku v pfiloze 1.
Autofi sledovali dopady celé energetiky s funkéni jednotkou definovanou jako elektricka
energie a vyuzitou tepelnou energii zanedbali. Pfevedenim jednotek jejich vysledkl Ize ziskat
pro indikator globalni zmény klimatu hodnotu 186 tis. t ekvivalentu CO/PJ. Pfi zanedbani
distribuovaného tepla odpovidaji vysledky v pfiloze 1 hodnoté 332 tis. t ekvivalentu CO,/PJ
pro fosilni energetiku, pfi zohlednéni vyroby energie ve vSech zdrojich pak hodnoté pfiblizné
176 tis. t ekvivalentu CO2/PJ. Samotné spalovani fosilnich paliv tedy pravdépodobné
zpUsobuje vice nez 90 % dopadl vyroby elektrické energie a tepla z kogenerace na globalni
zménu klimatu, zbytek nalezi vSem dalsim zplsobUm vyroby a predchazejicim i navazujicim
procesim. V zemich spodobnym energetickym mixem, jaky ma Ceskd republika,
Ize orientaéné vyhodnotit indikator GWP100 pouze na zakladé posuzeni procesu spalovani
fosilnich paliv. P¥ikladem téchto zemi mohou byt Recko (Orfanos et al., 2019), Turecko

(Gunkaya et al., 2016) nebo Polsko (Burchart-Korol et al., 2018).

Po zohlednéni jiné funkcni jednotky a zarazeni vsech ostatnich zdroju energie a zanedbani

vSech souvisejicich procesl (dopravy, tézby, vyroby v jadernych elektrarnach a vyuzivani
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obnovitelnych zdroji) je hodnota indikatoru emisi ¢astic a prekurzorl vzniku c¢astic PM10
ve vysledcich LCA pro rok 2015 (Burchart-Korol et al., 2018) nizsi o pfriblizné 18 %,
nez v pfipadé této prace. Dlvodem muze byt metodika sbéru dat spol. Ecolnvent, ktera
pravdépodobné nezahrnula malé kogeneracni zdroje. Na mensi zdroje znecistovani se vztahuji
mirnéjsi emisni limity stanovené podle zdkona ¢.25/2008 Sb. o integrovaném registru
znecistovani Zivotniho prostfedi a integrovaném systému plnéni ohlasovacich povinnosti

v oblasti Zivotniho prostredi.

Mezinarodni emisni stropy v pfipadé SO, a NOx budou sniZzovany linearné (viz obrazek 5
pfilohy 1) a po roce 2025 budou splnitelné pouze za predpokladu, Ze se zefektivni technologie
CiSténi emisi v energetice, nebo Ze se dramaticky snizi emise téchto latek z pramyslu
a dopravy. Negativni dopad na budouci vyvoj emisi NOx mlze mit decentralizace vyroby
elektrické energie se souasnym navySenim potieby zemniho plynu v kogeneracnich
motorovych jednotkdach v pfipadé, Ze na nich nebude instalovdna dostatec¢né ucinna
technologie pro snizovani emisi NOx. Dle souc¢asnych poznatk( vSak muze vést decentralizace
zaroven k vyssi hospoddrnosti pfi vyuzivani energie a vy$simu podilu obnovitelnych zdroja
energie (Hope et al., 2018), a to spolecné s rozvojem lokalnich distribu¢nich siti (Adil a Ko,
2016). Zaroven existuji obavy predstavitell zemi Evropské unie avelkych primyslovych
korporaci o bezpeénost dodavek elektrické energie v pripadé decentralizace vyroby energie
(Lindberg et al., 2018). Bezpecnosti dodavek elektrické energie a tepla by v pripadé ¢eskych
mést mohl napomoci Koncept inteligentnich mést (Barta et al., 2015), a to predevsim

podporou pro rozvoj infrastruktury a chytrych siti.

V této praci byl zohlednén pouze konstantni pomér spotfeby hnédého uhli v sektoru
energetiky a v ostatnich zplUsobech vyuziti. Lze ocekavat, Ze od vyuzivani hnédého uhli budou
upoustét zbyvajici lokalni topenisté a podnikové teplarny, hnédé uhli bude ale nadale
dlilezitym zdrojem pro pramysl. Nedostatek hnédého uhli pro pramyslové poufZiti

je jiz v soucasné dobé vyvazovan dovozem z Némecka a Polska (VUPEK, 2015).

V pfipadé Ceské republiky a dal3ich zemi s podobné rozvinutou Grovni sbéru dat statnimi
institucemi je moZné Uspésné provadét sektorovou analyzu MFA. Vzhledem k vysledkdm
studie je také moZno doporucit pouziti sektorové analyzy MFA jako jeden z nastroju
pfi zpracovani SEA pro posuzovani energetickych koncepci. Soucasna uroven provadéni SEA

(MPO, 2015a) nebyla dostate¢na pro zamezeni konfliktu statni energetické koncepce
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s mezinarodnimi emisnimi zavazky Ceské republiky. SEA se nezabyvala ani spotfebou véapence
v energetice, kterd mlze mit presah z oblasti technické ochrany Zivotniho prostfedi k oblasti

ochrany ptirody v chranénych tdzemich.

NedodrZeni Statni energetické koncepce vlivem zpomaleni nebo utlumeni rozvoje jaderné
energetiky mUze pak mit po roce 2025 dva scénare: 1) pomalejsi Ustup od fosilnich paliv
za pokracovani tézby uhli za Uzemnimi limity téZby a vyraznéjsiho rozvoje pfi vyuzivani tzv.
obnovitelnych zdroju se vSemi souvisejicimi dasledky pro Zivotni prostredi, nebo 2) razantni
snizeni exportu elektrické energie z Ceské republiky, které se mulze dotknout zejména
Slovenska a Rakouska, pfipadné mlzZe nastat zatiZzeni pfenosové soustavy energii ze severniho
Némecka. Ad 1): Pomalejsi Ustup od fosilnich paliv by pravdépodobné znamenal poruseni
mezinarodnich zavazk( na emise SO; a NOx. Prace se nezabyvala mezinarodnimi zavazky pro
snizovani emisi CO;, protoZze vzhledem ksystému emisnich obchodovani semisnimi
povolenkami nejsou vtomto ptipadé stropy pevné dany. SniZzovani emisi CO2, mohlo byt
ovlivnéno navrhem zakona o snizovani zavislosti Ceské republiky na fosilnich palivech, ktery
nakonec nebyl predloZen z diivodu ohroZeni konkurenceschopnosti Ceské republiky (VIada CR,
2017). Tento zdkon mél napomoci ke snizeni emisi CO; ekv. az 0 80 % do roku 2050 ve srovnani
s rokem 1990 v souladu s Politikou ochrany klimatu v CR (MZP, 2016), kterd tak nebude

s nejvétsi pravdépodobnosti dodrzovana.

Indikatory materidlovych tok( lze pro zvolené hranice systému agregovat nasledujicim
zpusobem: 36,4 milion( t vstupt jako soucdst ndrodniho DMI, 12,6 milion0 t tuhych vystupl
a 43,7 miliont t vystupl do atmosféry (vzdusny kyslik na strané vstup( a vodni para na strané
vystupU neni zapoctena), tedy 56,3 milionl t jako soucast narodniho DPO. Sektor fosilni
energetiky Ceské republiky spotfeboval v roce 2015 pfiblizné 58 % hmotnosti viech fosilnich
paliva hmotnost vstupl material( do energetiky tvofila pfiblizné 22 % celkové hodnoty DMC

Ceské republiky.
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5.2 Hospodarska nekoherence konceptu ,,waste-to-energy“ a planu
sniZovani emisi (pripadova studie, Ceska republika)

Pfiloha 2. V originale: Economic contradictions of the waste-to-energy concept and emissions

reduction plan (case study, Czech Republic).

Namét na ¢lanek se vyskytl v prvnim ctvrtleti roku 2018 v souvislosti se zvefejnénim prvnich
informaci o zdmérech spalovani odpadu (s prevahou smésnych druh( komunalnich odpadd,
predbézné neupravenych) na mistech stavajicich zdroji vyuzivajicich hnédé uhli v Mélnice
(CENIA, 2018b), Ceskych Budé&jovicich (Ekolist, 2019) a Vsetiné (CENIA, 2018c). V Ceské
republice je pfiblizné polovina komundlnich odpadi skladkovana bez vyuZiti (CSU, 2018)
a vyhfevnost téchto odpadl (vice nez 9 MJ-kg) je srovnatelnd s hnédym uhlim (LastGvka
etal., 2016). Vzhledem k vysledkim v pfiloze 1 muizZe byt logickym FeSenim nahrazeni
dochazejiciho hnédého uhli v méstskych kogeneracnich teplarnach a vytopnach komunalnimi
odpady. V budoucnu je mozné ocekavat také politickou podporu spalovani nijak neupravenych
komunalnich odpadl (Benes, 2019). Resersi védeckych a odbornych publikaci bylo nalezeno
velké mnoizstvi analyz zaloZenych na metoddch MFA a LCA pro spalovani smésnych
komunalnich odpadd, pfipadné srovnavacich analyz pro rdzné zpUsoby energetického vyuziti
odpadl (napf. Astrup et al., 2015; Cremiato et al., 2018; Beylot et al., 2018; Dong et al., 2018a).
Zadna z nalezenych publikaci neporovnavala dopady vyroby tepla, pfipadné elektrické
energie, z komunalnich odpadl a z hnédého uhli. DulleZitost tohoto tématu vyplynula
i z vysledk( v pfiloze 1 z divodu problematického dodrZzovani emisnich stropl v pripadé NOx

po roce 2025.

Vzhledem k vySe uvedenému bylo Zadouci vysledky publikovat brzy. Vojtéch Stehel proto
zaCatkem kvétna 2018 oslovil nékolik védeckych c¢asopisi s namétem clanku. Nasledné
ve spoluprdci s ostatnimi autory sestavil ¢lanek, formuloval vyznamnou ¢&ast jeho Uvodu
a zajistil jazykovou korekturu pro potieby casopisu Energy sources: Part A: Recovery,
Utilization, and Environmental Effects, jehoz redakce projevila o namét studie
v priloze 2 zajem. Podil ostatnich autor(: Jaroslav Dvorak: namét, shromazdéni dat, metodika
a vypocet vysledk( prace, zpracovani pozadavkl recenzent(; prof. Zderika Wittlingerova:
pfiprava dat za teplarnu v Plané n. L., odborny dohled nad zpracovanim dat; Anna
Petruzelkova: podil na pouZité metodice a na interpretaci vysledk ¢lanku. Clanek byl

pfipraven v kvétnu 2018.
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V dobé pripravy ¢lanku mél autorsky kolektiv k dispozici data pro teplarnu v Plané nad LuzZnici,
ktera zpracovala Pergerovda (2017) vramci diplomové prace vedené prof. Zderikou
Wittlingerovou zamérené na jiné téma. Nasledné byla ziskana ostatni vstupni data
ve spoluprdci se zafizenim pro energetické vyuZiti odpadu v Brné a spolecnosti spravujici

brnénské teplarny, které vzajemné spolupracuji pfi zasobovani obyvatel mésta Brna teplem.

Cilem prace bylo pomoci mikroekonomické MFA s naslednym vyhodnocenim vybranych
indikdtord dopadu porovnat dopady vyroby energie z hnédého uhli a ze smésného
komunalniho odpadu. Do analyzy byl rovnéZ zafazen soubor zdrojli energie pro méstsky
systém zdsobovani teplem, ktery doplfiuje vyrobu tepla z komundlniho odpadu spalovanim
zemniho plynu. Vybrana zafizeni disponovala fadové porovnatelnym vykonem a byla relativné
moderni. Zatizeni v Plané nad LuZnici proslo v roce 2015 rozsahlou rekonstrukci spocivajici
ve vyméné technologie spalovani hnédého uhli ¢isténi spalin a po ukonceni zkusebniho
provozu byla k dispozici ucelena data z roku 2016. Brnénské zafizeni pro energetické vyuzivani
odpadi proslo rekonstrukci jiz v roce 2011. Zvazovano bylo také nové zafizeni pro energetické
vyuzivani odpadi v Plzni (Chotikové) dokoncené v roce 2016, v dobé pfipravy prace zde vsak

probihal zkuSebni provoz a data za predchozi kalendarni rok by tak nemusela byt vypovidajici.

Hranice posuzovanych systému byly nastaveny ve vsech pripadech analogicky ke studii

v pfiloze 1.

Porovnavany byly celkem ¢tyfi posuzované systémy popsané ve ¢lanku v pfiloze 2: A (spalovna
odpadd), B (teplarna na hnédé uhli), C (Castecné decentralizovand vyroba tepla a elektrické
energie ze zemniho plynu) a D (systém D je redlny systém vyroby tepla v Brné a sklada

se ze systému A a C).

Odlisné od studie v priloze 1 byla definovana funkéni jednotka, ktera byla vtomto pfipadé
zvolena jako 1 TJ tepla odchazejiciho z kotll ve formé prehraté pary. Vyrobena elektricka
energie byla do funkéni jednotky zahrnuta pouze v pripadé, Ze soucasti zdroje byly motorové
generatory (vyznamné pouze v pfipadé C a D), ve kterych vznika elektrickd energie pfimo.
Posuzovana zafizeni totiz disponovala variabilnimi systémy vyuziti prehfaté pary. Snahou bylo
posuzovat pouze systémy spalovani paliv a Cisténi emisi. Zahrnuti variabilné pouzivanych
protitlakych a kondenzacnich turbin do analyzy by vedlo ke zkresleni vysledk(. Vstupem
do systému A byly odpady tvorené prevainé neupravenym smésnym komunalni odpadem
s podilem pfiblizné 5 % objemného odpadu, plastl z tfidéni, papiru z tfidéni a dalSich druhd
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odpadl. Nebezpecné odpady se v systému A nespalovaly. Na zdkladé pfipominek jednoho
z recenzentl byl spalovany odpad klasifikovan podle metodiky britské organizace WRAP
(2012). Klasifikace paliv vyrobenych z odpad v ¢eskych normativnich predpisech dosud chybi,
v soucasné dobé je pFipravovana piislusna vyhlaska na MZP (Student, 2018). Podobna kritéria
jsou jiz na Slovensku stanovena vyhlaskou ¢. 228/2014 Z.z., ktorou sa ustanovuju poZiadavky
na kvalitu paliv a vedenie prevadzkovej evidencie o palivach, v platném znéni. Zajimavosti je,
Ze pres odlisné vstupy systémU A a B, byly odpadni popilky vyuZity kontroverznim zptsobem
k vyrobé produktl vhodnych pouze pro rekultivaéni prace na byvalych odkalistich v okoli

Mydlovar (Petrlik a Bell, 2017).

Vysledky MFA s naslednym vypoctem nékterych indikator( ukazaly, Ze systém A ma o vice
nez 50 % horsi dopady na acidifikaci prostfedi a tvorbu fotochemického ozonu nez systém B.
Systémy A a B jsou srovnatelné z hlediska kategorie dopadu emisi ¢astic a prekurzort vzniku
Castic PM10, a to i pres to, Zze systém A diky odlisné filtraci spalin produkuje minimalni
mnozstvi pfimych emisi PM10. Vysledky jsou uréeny predevsim vétSim mnozstvim emisi NOx
vztazenym k funkéni jednotce. Za zminku stoji také vice nez dvojnasobné mnozstvi nekovovych
odpadl v systému A ve srovnani se systémem B, vtomto pfipadé je ale tfeba zohlednit
skutecnost Ze hmotnost odpadl predstavuje pfiblizné % hmotnosti spalovaného odpadu,

ktery by jinak pravdépodobné nebyl vyuzZit.

Stanoveni hodnoty indikatoru dopadu na globdlni zménu klimatu nebylo v tomto ptipadé
prioritou, vysledky vsak ukazuji, Ze je tento dopad v pfipadé systému A vyrazné nizsi, nez
v systému B. Presné stanoveni hodnoty indikdtoru dopadu na globalni zménu klimatu je
v pfipadé spalovani smésného komunalniho odpadu velmi obtizné. V praxi nestaci pouze zjistit
hmotnosti podily plastd, inertnich materialQ, biologicky rozloZitelnych odpad( a vihkosti, ale
je nutné zjistovat podil **CO> (fosilni uhlik) v emitovaném CO (Mohn et al., 2008). Mohn et al.
(2008) dosli touto metodou v posuzovanych zafizenich ke spalovani nevytfidéného
komunalniho odpadu k hodnoté pfiblizné 50 % pro biogenni CO». Vzhledem ke skute¢nosti, ze
v Ceské republice vyznamné stoupa podil vyuZitych biologicky rozloZitelnych odpadl (narist
kompostovani o 8,4 % mezi lety 2016 — 2017; CSU, 2018), bylo by vhodné ovéfit hodnotu 60%
podilu biologicky rozlozZitelné ¢asti nevytfidéného komundlniho odpadu na jeho celkovém
energetickém obsahu stanoveny pro spalovani nevytridénych komunalnich odpadl provadéci

vyhlaskou ¢. 477/2012 Sb. o stanoveni druh(l a parametrd podporovanych obnovitelnych
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zdrojl pro vyrobu elektfiny, tepla nebo biometanu a o stanoveni a uchovavani dokumentd,
v platném znéni (provadéci vyhlaska k zdakonu ¢. 165/2012 Sb. o podporovanych zdrojich
energie a o zméné nékterych zakon(). Vysoky podil biogenniho spalitelného uhliku ve
smésném komunalnim odpadu sice odpovidal Udajiim z roku 2009 pro domovni odpady
v Ceské republice (Dolezalova et al., 2013), ale sloZeni smésnych komundlnich odpadd se od
té doby mohlo zménit. Soucasné je na misté zvazit, zda ma byt , energeticky obsah” urcen
spalnym teplem, nebo vyhfrevnosti. Vyhfevnost smésného komunalniho odpadu mize byt
negativné ovlivnéna vlhkosti, tedy i vodou obsaZenou v biologicky rozlozitelnych ¢astech.
Otdzkou také z(stdva, zda a pripadné kdy bude podpora vyroby elektfiny z druhotnych zdroji
podle zdkona ¢. 165/2012 Sb. v konfliktu s hierarchii nakladani s odpady, a to vzhledem
k soucasné situaci zvySeni podilu spalovanych plastovych odpad( (Brooks et al., 2018).
Technologie vyroby energie spalovanim komunalnich odpadu jsou také dosud povazovany

za uhlikové ,bezemisni“ z pohledu zdkona ¢. 383/2012 Sb. o podminkach obchodovani

s povolenkami na emise sklenikovych plynd, v platném znéni.

evvzs

zemniho plynu v pfipadé C, a to i presto, Zze v tomto pfipadé byla Gcinnost vyroby snizena
vzhledem k zarazeni kogeneracnich motorovych generatorli do posuzovaného systému.
V ptipadé motorovych generdtorl doslo k souctu energie vyrobeného tepla a elektrické
energie. Systém D pak reprezentuje jednu z vhodnych cest, jak nahradit hnédé uhli v sektoru
energetiky Ceské republiky. Kombinace energetického vyuZivani odpad a zemniho plynu
tak predstavuje variantu nahrady hnédého uhli, kterd dokaze snizit zavislost na primarnich
fosilnich palivech a dopady na globalni zménu klimatu, a zdroven ostatni dopady Zivotni

prostiedi zachova na pfijatelné drovni.

Samotné nahrazeni hnédého uhli neupravenym smésnym komundlnim odpadem vsak mze
zpUsobit problém pfi plnéni mezinarodnich zavazkl na omezeni emisi NOx. Pripadné zpfrisnéni
pozadavk( na kvalitu emisi z energetického vyuzivani odpadl si vyzada dalsi investice
do systém0 Cisténi spalin. LepSich vysledk( by bylo pravdépodobné dosazeno, kdyby bylo
energetické vyuziti smésnych komunalnich odpad( rozdéleno na dvé faze a odpady
by prochdzely mechanicko-biologickou Upravou s energetickym vyuzitim a ndaslednym
vyuZitim vzniklého paliva s vyssi vyhrevnosti (Beylot et al., 2015). Dle autort Fei et al. (2018)

dosahuje mechanicko-biologickd Uprava s ndslednym vyuZitim upraveného bioplynu
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a vznikajiciho tuhého paliva ze srovndvaci LCA lepSich vysledkd neZz pfimé spalovani. To je
dano zejména o 8 % vyssi ucinnosti. V pfipadé materidlové biologické Upravy jsou totiz v prvni
fazi vyuzivany biologicky rozlozitelné odpady, nasledné je oddélena tzv. tézka frakce a voda,
vyrobené palivo tak ma témér dvojndsobnou vyhfevnost oproti neupravenému smésnému
komunalnimu odpadu (az 18 MJ/kg, Montejo et al., 2013). Tim je mozné dle Fei et al. (2018)
také snizit mnozstvi Cinidel vyuZivanych k ¢isténi spalin a omezit mnoZstvi odpadniho popilku.
Soucasnou situaci mazZe zlepsit také védeckotechnicky pokrok v pfipadé novych technologii
pro energetické vyuziti odpadli, napfiklad rozvoj pyrolyzy (Dong et al., 2018b), pfipadné

depolymerizace (Kumar et al., 2017).

Vzhledem k tomu, Ze byly v tomto pfipadé posuzovany pouze tfi systémy (smésné komunalni
odpady, hnédé uhli a zemni plyn), a hranice systém( byly zvoleny Uzce (gate-to-gate),
je obtizné ziskané vysledky vice zobecnit. Z toho dlvodu by bylo vhodné provést kompletni
analyzu LCA (cradle-to-gate, Durucan et al., 2006), kterd by posuzovala celou fadu rlznych
systémU a do hranic posuzovanych systému pridat podpurné procesy (s vyuzitim dat od spol.
Ecolnvent ve specidlnim programu SimaPro). Dalsi vyzkum MFA na mikroekonomické urovni
by mél byt zaméren na srovnavaci analyzy systému vyroby energie bez ohledu na to, jestli

vyuzivaji paliva obnovitelna, fosilni nebo odpady.

5.3 Indikatory pro monitorovani zastavéné plochy - pripadova studie Ceské
republiky a EU

Pfiloha 3. V origindle: Indicators for Built-up Area Monitoring — A Case Study of the Czech
Republic and the EU

Tato studie si kladla za cil demonstrovat nedokonalou interpretaci indikatoru DMC jako
indikatoru zatéze Zivotniho prostfedi pfi mezinarodnim srovnavani (viz Weisz et al., 2006),
a to pouzitim kompatibilni metodiky pro hodnoceni vyuZivani prostoru jako omezeného
zdroje — zadboru pldy. Namét na studii vznikl po diskuzi s doc. Janem Skalosem o problematice
implementace indikatord dopadd zaboru pady a zmény vyuzivani krajiny do souboru metod
MFA. Za odborného dohledu prof. Zderiky Wittlingerové a metodického prispéni Kamily

Bicanové vznikl ¢lanek, ktery byl nasledné zna¢né upraven po zohlednéni pfipominek doc. Jana
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SkaloSe. PUvodnim cilem nebyla pfimd indikace dopadi zaboru pldy vystavbou na Zivotni

prostredi, pfesto byly zjistény nékteré prekvapivé vysledky.

DMC je indikdtorem, ktery vyjadfuje zatéz Zivotniho prostfedi spojenou s vyuzivdnim
material( z pfirodnich zdrojl (domaci uZitd tézba) a dovozem surovin ze zahranici (bez
vyvozu). Sledovanym obdobim je pak jeden rok. Tento indikdtor je zaroven vyuzivan
k prezentaci Urovné tzv. decouplingu, tedy oddélovani kfivek vyvoje hrubého domaciho
produktu (HDP) a zatéZe zivotniho prostfedi (Kovanda a Hak, 2007), pticemz je rozliSovan
decoupling relativni (HDP roste rychleji nez DMC, ale obé kfivky maji vzestupny charakter)

a decoupling absolutni (HDP roste, DMC klesad).

Hodnota DMC je obvykle prezentovana se zndzornénim podilu hmotnosti kovl, nekovovych
minerald, fosilnich paliv a biomasy, ptipadné podobnym zplsobem (Kovanda et al., 2008).
Tento indikator je bezesporu dostatecny pfi posuzovani zatéze spojené s tokem materidlq,
jejichz Zivotni cyklus je typicky otevieny, tedy zejména fosilnich paliv a ¢asti biomasy. Velky
podil na DMC maji riizné druhy konstrukénich kovovych a nekovovych minerdld, které slouzi
svému Ucelu tfadu let (budovy, dopravni stavby, infrastruktura), nebo jsou vyuzitelné
opakované ¢i materidlové recyklovatelné (kovy, sklo). Tyto materidly v posuzovanych
socioekonomickych systémech zlistavaji a v roénim vykazovani mohou byt vycisleny jako
prirastek skladovych zasob — NAS. Zjednodu$ené feceno: Santoriova pokusna osoba (jako
socioekonomicky systém statu, viz kapitola 2.1.1) kazdym dalSim rokem pfibird na vaze.
Z pohledu prechodu na cirkuldrni ekonomiku (Ghisellini et al., 2016) by mélo byt bohatstvi
vytvareno v procesech predevSim pomoci materidli (energie, rozlohy pldy), které
jiz v socioekonomickém systému jsou. K tvorbé HDP by tak mély byt (a z velké ¢asti uz jsou)
vyuzivany materialy, které ma posuzovany systém jiz vdaném roce k dispozici, tedy nejen
vstupujici materidly indikované pomoci DMC. V soucasnosti jsou pomoci DMC porovnavany
zemé, které teprve zdsoby systému tvofri, se staty, které zasoby jiz maji. Celkové zasoby
material( posuzovanych systému lze pritom vycislit (Fishman et al., 2014; Tanikawa et al.,

2015) a mély by byt prezentovany soucasné s hodnotou indikdtoru DMC.

Studie se pokusila pouzit metody pouzivané v MFA a souvisejiciho decouplingu analogicky
v pfipadé zaboru puady vystavbou. Podkladem pro analyzu se stala 12tiletd fada dat

v vev

o zastavéné plose od Ceského Uradu zeméméri¢ského a katastralniho a odpovidajici data
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z 27 ¢lenskych zemi Evropské unie pro rok 2012. Pro vyjadfeni decouplingu byly pouzity udaje
o vySi HDP (pro mezindrodni srovnani pak v parité kupni sily).

Vysledky ukazaly, Ze indikatory, které berou v dvahu jenom ro¢ni zmény, nemaji v pfipadé
zaboru pudy Zadnou vypovidajici hodnotu (viz obrdzek 5 pfilohy 3). Zatéz Zivotniho prostredi
je tak potreba vyjadiovat jako kompletni zabor pldy vystavbou véetné pripadd, kdy nejsou
brownfieldy nijak ekonomicky vyuZivany, tedy analogicky k celkovym zdsobam materialQ

socioekonomického systému.

V ramci analyzy vyvoje zastavéného tzemi Ceské republiky mezi lety 2000-2012 vysledky
ukazaly, Ze lze vtomto pfipadé hovofit o relativnim decouplingu (obrdzek 7 pfilohy 3).
Absolutni decoupling by v tomto ptipadé mohl nastat pouze v ptipadé, Ze zastavéna uzemi
budou vracena do plvodniho stavu (trvalé travni porosty, zahrady, pole, lesy). Analogicky
Ize uvaZovat v pfipadé materidlovych tokl. Socioekonomické systémy by se pro dosazeni
absolutniho decouplingu musely zbavovat zdsob materidlu, naptiklad jejich vyvozem do zemi,
kde jsou zdsoby materidld nedostatecné, aby sniZily poptavku téchto zemi po pfirodnich
zdrojich. Hodnota DMC by byla v tomto ptipadé zaporna. Dalsi z vysledkd ukazal, Ze i pres
setrvaly narlist plochy zastavéného Uzemi v Ceské republice klesala rozloha zastavéného
Uzemi na osobu, a to mezi lety 2006-2012 o témé&F 2 m2. Vypocet hodnot pro celé obdobi

2000-2012 byl bohuzel ovlivnén zménou metodiky sbéru dat katastralniho Gradu.

Vysledky mezinarodniho srovnavani ukdazaly, Ze hodnota rozlohy zastavéného Uzemi na osobu
byla nejvy3si na Kypru s 268 m?, nasledovaly zemé s hodnotou pfiblizné 200 m?: Rakousko,
Portugalsko, Belgie, Irsko, Dansko, Svédsko a Finsko (viz obrazek 4 pfilohy 3). Zavislost HDP
v parité kupni sily na zastavéném Uzemi byla ze vSech posuzovanych zemi nejvyssi v pripadé
Kypru, Bulharska a Portugalska. Pfedpoklad, Ze hodnota indikatoru zavislosti HDP na rozloze
zastavéného Uzemi bude nejvyssi v zemich s nizsSim HDP, se nepotvrdil, protoZze zemé jako
Belgie nebo Rakousko mély vyssi hodnotu tohoto indikatoru nei Ceska republika (obrazek 8
pfilohy 3). Celd studie byla provedena s védomim, Ze nebude indikovdn dopad na vyuzivani
pldy jako celku. Celad rfada ekonomickych ¢innosti, které poskozuji kvalitu pidy, nesouvisi
s vystavbou. Jednou z dalSich pfi¢in dlouhodobého zaboru pldy svyznamnymi dopady
na krajinu je v Ceské republice t&*ba nerostnych surovin. Nejvyznamnéjsi dopady
na ekologické funkce krajiny ma v Ceské republice bezesporu zemédélstvi (Sklenicka a kol.,

2014), které sice ekologické funkce krajiny pouze snizuje, ale projevuje se na vyznamné velké
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rozloze. Pfedpokladem pro Uspésnou indikaci zmény kvality p(idy je vSak pfesnd znalost kvality
pGdy a krajiny na misté, kde k zemédélskym aktivitdm dochdzi (Koellner a Scholz, 2008;
i Canals et al., 2007). Tyto znalosti v sou¢asné dobé na makroekonomické Urovni nejsou
k dispozici. Situaci v rozvoji indikator( pro zabor a zménu vyuzivani pldy na makroekonomické
urovni muze zlepsit rozvoj pti sbéru a zpracovani dat z dalkového prizkumu Zemé. Do té doby
Ize doporucit zarfazeni indikatord zastavéné Uzemi na osobu a zastavéné Uzemi na jednotku
HDP mezi klicové indikatory ve skupiné , Plda, krajina a zemédélstvi“, které je mozné snadno
vyhodnocovat na Urovni Evropské unie kazdé tfi roky, a to jako indikatory kompatibilni
k indikatordm materidlovych tok(. PFi aplikaci obdobnych indikdtord na zdbor Uzemi
zpUsobeny tézbou minerall by bylo nutné odepisovat ze ,zasob” rozlohu Uzemi, na kterych
po rekultivaci nebo opusténi ¢asti ¢i celych lom( zacala krajina plnit nékteré z funkci, o které

béhem tézby prisla.

5.4 Spotireba energie pri tézbé a ipraveé uhli v Ceské republice.
Pfiloha 4. V originale: Energy consumption for coal and lignite mining and treatment

in the Czech Republic.

Dopady postupného vycerpdvani zdroji neobnovitelnych surovin (kovl, nekovovych
minerald, fosilnich paliv) na Zivotni prostfedijsou v LCA indikovany na midpointové urovni jako
hmotnost suroviny (obdobné jako domaci uzitd tézba v MFA), pfipadné hmotnost referencni
suroviny (Zelezo, topny olej), nebo pomér hmotnosti vycerpané suroviny k jejim dostupnym
zasobam. Za endpointovy indikator ubytku neobnovitelnych surovin je pak v nékterych
metodikdch LCA povaiovano mnoiZstvi energie potrebné kziskani dané suroviny
v budoucnosti (Ko¢i, 2009). Vychazi se zteorie, Ze snadno dostupné zdroje surovin jsou
vyCerpany vzdy jako prvni a energie spotifebovana na tézbu surovin tak poroste. Prikladem
metodiky, kterd vyuzivd endpointového indikatoru vyjadfeného v MJ energie, je IMPACT
2002+ (Jolliet et al., 2003). Cilem této studie bylo ovéfit hypotézu, zda se mezi lety 1988-2011
zvysila spotfeba energie potiebna k hlubinné tézbé ¢erného uhli a hnédého uhli a povrchové
tézbé hnédého uhli a lignitu v Ceské republice. Spolu se spotiebou energie na tézbu uhli byla

sledovéna i spotfeba energie na Upravu uhli. Jednotkou byly zvoleny MJ-t. K analyze byla
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vyuzita data Ceského statistického Gfadu, které byla zpracovana pomoci metod pro stanoveni

energetickych tokd v ramci MFA.

Vysledky potvrdily dvodni hypotézu pouze v pfipadé povrchové tézby lignitu, ktera byla v roce
2008 ukoncena. V ostatnich pfipadech se hypotéza nepotvrdila, ale bylo zaznamendno
vyznamné kolisani spotfeby energie, nejvice 35 a7 254 MJ-t? v pfipadé hlubinné tézby
hnédého uhli. Kolisani spotieby energie pfi tézbé uhli si Ize vysvétlit tim, Ze pfi opousténi
nékterého mista tézby jsou utlumeny souvisejici prace spocivajici v sejmuti a premisténi
skryvky, instalace technickych zafizeni apod., zatimco pfi zahajovani tézby v jiném misté jsou

provadény energeticky ndro¢né pripravné operace.

Jesté vyznamnéjsi byly zmény ve spotrebé energie pro Upravu uhli, zejména v pfipadé Upravy
hnédého uhli doslo vroce 2000 k pfiblizné $estindsobnému nar@stu. Upravu uhli

si pravdépodobné vyzadaly vyssi ndroky na kvalitu uhli.

Pti porovnani ztrat energie s vyhrevnosti jednotlivych druh( uhli byla pro rok 2011 vycislena
ztrata energie 0,63 % pro cCerné uhli, 0,52 % pro hnédé uhli (oba zplsoby tézby, vazeny
pramér) a 2,4 % pro lignit (rok 2008). Pokud uvazime, Ze by k vyrobé elektrické energie
potfebné pro tézbu uhli byla spotfebovavana elektrickd energie z uhelnych elektraren,
Ize ocekdvat ztratu energie pfiblizné 1,7 % v ptipadé cerného uhli, 1,4 % v pripadé hnédého
uhli a 4,6 % v pfipadé lignitu. Kavouridis a Koukouzas (2008) ve své LCA zamérené na feckou
energetiku prisuzuje tézbé uhli hodnotu energetické ztraty (1,4 %) pro tézbu hnédého uhli,
které ma dominantni postaveni v fecké energetice, podobné jako v té ¢eské. VySe popsana
metoda IMPACT 2002+ tak byla vyhodnocena jako sporna, protoZze nebylo zjisténo,
Ze by v pribéhu casu dochdzelo ke zvySovani spotfeby energie pti tézbé energetickych zdroja.
TéZba rliznych druh(l uhli v Ceské republice byla b&hem sledovaného obdobi ovlivnéna spise
socioekonomickymi vlivy nez snizenim dostupnosti v souvislosti s dochdazenim dostupnych

zasob.

5.5 Materialové toky olova v Ceské republice

Pfiloha 5. V originale: The material flows of lead in the Czech Republic.

Publikace vychazi z vysledkl analyzy SFA z diplomové prace Kamily Bicanové (2013), kterou
vypracovala pod odbornym vedenim Magdaleny Zimové. Po konzultaci s Bohumilem Benesem
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byly vybrany nejpodstatné;jsi vysledky. Kolektiv autorl nasledné pftipravil ¢lanek pro ¢asopis
Resources, Conservation and Recycling. Studie nesouvisi s energetikou, ale jednalo se o studii,
pomoci které bylo ovéreno, ze Ize uspésné kombinovat statisticka data od statnich instituci
sdaty korporatnimi v podminkdch Ceské republiky. Znaénd ¢ast dat pro analyzu SFA
prevzatych od CSU byla ziskdna na zékladé klasifikace produkce a zahraniéniho obchodu

narozdil od analyzy v pfiloze 1, ktera vychazi z klasifikace ¢innosti.
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6. Zavéry

Ceska energetika se mlZe v pFistich dvou desetiletich potykat s nedostatkem tuzemského
hnédého uhli, a to za predpokladu, Ze tzemné ekologické limity tézby zistanou nezménény
(posledni zména probéhla v roce 2015 a je popsana ve pfiloze 1). VyuZivani zahrani¢niho

hnédého uhli nebude vhodnym fesenim z dlivodu pozadavk( na snizeni emisi SO, a NOx.

Fosilni paliva by méla byt vyuzivana predevsim v systémech kogeneracni vyroby elektrické
energie a tepla. Omezovani spotfeby hnédého uhli v elektrarnach s relativné nizkou ucinnosti
(tj. bez dostatecného vyuziti tepla) mGze mit za nasledek signifikantni snizeni vyvozu elektrické

energie do okolnich zemi.

Systémy méstského zasobovani teplem v Ceské republice jsou v soudasnosti vice zavislé
na fosilnich palivech neZz vyroba elektrické energie. V pfipadé nahrazeni ¢dasti spalovaného
hnédého uhli odpady v systémech zasobovani teplem je vhodné doplnit systémy vytapéni
o plynové zdroje, které emituji nizsi mnozstvi SO, NOx a PM10, nezZ zdroje spalujici uhli nebo
odpady. V opacném pripadé budou nutné vyssi investice do technologii sniZujici emise vyse
uvedenych $kodlivin do atmosféry pro splnéni mezinarodnich zavazkd Ceské republiky,
v pfipadé spalovani odpad(i se jednd predevSim o technologie omezujici vznik NOx
pfi spalovani a pfi Upravé emisi.

Mnozstvi tuhych vystupl ze spalovani uhli a ze spalovani smésnych komundlnich odpadu
a Cisténi spalin je vyznamnym vystupem v obou pfipadech. Zachycené popilky navic vyzduji
pozornost z dlivodu obsahu polutant(. V pfipadé odpadl by bylo moZzno toto mnozstvi sniZit
predchozi Upravou odpadd, at uz vytfidénim, nebo sloZitéjsi materidlovo-biologickou Gpravou

s vyuzitim vzniklého bioplynu.

Pouzité metody sektorové analyzy MFA se ukdzaly jako vyuZitelné pfi posuzovani
energetickych koncepci. Sektorovou analyzu MFA s aplikaci nékterych postupll pouzivanych
v LCA by bylo mozno vyuzit pfi posuzovani vlivu koncepci na Zivotni prostiedi (SEA), protoze
vétSina potrebnych udaju je jiz v soucasné dobé k dispozici a vypoctové metody nevyzaduji
dalsi naklady. Pro lepsi posouzeni koncepci muize byt vhodna i kvazi-realistickd LCA (v pfipadé
energetiky typu ,cradle-to-gate”), kterd je slozitéjSi a nakladnéjsi. Potfebna pracovisté jsou

jiz k dispozici na nékterych ceskych univerzitaich. MPO by se pfi navrhu koncepénich
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dokumentd mohlo vice zaméfit na toky vapence pouzivaného k Cisténi spalin, protoze je Ize

povazovat podle vysledkl v pfiloze 1 za vyznamné.

Mezinarodni srovnavani pomoci indikdtoru dopadu DMC se ukazuje jako vhodné pro spotiebu
surovin s kratkou dobou zdrZeni v socioekonomickém systému (fosilni paliva, biomasa),
v ostatnich pfipadech by méla byt hodnota DMC doplnéna informaci o stavu zdsob
socioekonomického systému. Indikatory zaboru pldy, pfipadné zmény vyuziti pudy se ukazuji
byt klicovymi a mély by byt doplnény mezi indikatory tok( materidld a energii v ramci

mezinarodniho srovnavani.
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Abstract Brown coal is the resource used for generating
half of the electricity and most of the heat that is distributed
over the public network in the Czech Republic, which is
one of the largest exporters of electricity in Europe. As a
result of public call for cleaner energy sources, the energy
policy of the Czech Republic has been updated recently. The
government act calls for significant decrease in brown coal
mining. Prediction of material flow analysis for the entire
energy sector of the Czech Republic till 2040 was carried
out. The data revealed mounting evidence indicating that the
novel energy policy proposed was too ambitious which may
affect the stability of the power grid in the surrounding coun-
tries. Worse still, it appears that after 2025, the Czech energy
sector will be in short supply of limestone, which is likely to
result in lower levels of flue gas desulphurization or lime-
stone mining in protected landscape areas. It is concluded
that further diversification of local energy resources is advis-
able to avoid unwanted negative environmental impacts.
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Introduction

Despite its small area, the Czech Republic (CR) was the sev-
enth biggest exporter of electricity over the last decade, with
the sector being ranked as high as fifth in terms of the import
and export balance (UN 2015). Recently, the government of
the CR has updated its energy policy (EP) for 2040 (MIT
2015). However, some concern has been expressed that
due to the size of Czech energy sector (§vejnar 1995), the
updated EP might have a significant impact on neighbouring
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countries (in particular Austria and Slovakia), since these
countries do not have sufficient domestic sources of energy.
Both Austria and Slovakia would have to develop a trans-
mission grid for alternative energy sources (Marousek et al.
2015a), as predicted by Burgholzer and Auer (2016). The
original push behind all this is that the co-generation of elec-
tricity and heat in the CR depends on the consumption of
brown coal (BC) in the north of the CR (Méaca and Melichar
2016) (see Fig. 1). BC is locally consumed in electric power
plants (EPPs), combined electric and heating plants (CEHPs)
and communal district heat plants (DHPs), together with
lower amounts of black coal, natural gas (naturally occur-
ring, consisting primarily of methane) and crude oil (Rezaie
and Rosen 2012). All of these outdated facilities have been
adapted to burn low-quality BC with outperformed boilers
and emission system cleaning. Unfortunately, BC accounts
for a 40% share of electricity generation and a 45% share of
district heat generation in the CR (CSO 2016). According
to the updated EP, the proportion of electricity produced
from BC in EPPs in the CR should decrease to approxi-
mately 15% and the amount of heat produced from BC in
CEHPs and DHPs should be reduced by 61% by 2040. The
updated EP focuses on nuclear energy, the share of which
should increase to 50% by 2040. However, the main local
generator holds a monopoly position and it intends to dictate
its demands to politicians (Cernoch and Zapletalova 2015)

and require guarantees on pricing, which has been met with
disbelief by the general public (Mardoyan and Braun 2015).
The situation has become even more complicated, since in
1991, the former government designated some of the BC
mining locations as territorial ecological protected areas
(TEPAs, see Fig. 1). In addition, some studies confirmed
that BC mining in TEPAs could lead to massive destruc-
tion of the landscape and an unprecedented deterioration
of the human—environment in the north-western part of
the CR (Méaca and Melichar 2016). Nevertheless, Mikolas
et al. (2015) claimed that BC mining in TEPASs could pro-
vide enough energy until at least 2060. The TEPAs were
partially revised in 2015 by the government of the CR, but
a final decision is still being awaited, a decision which is
expected to have a major impact on the development of the
public energy sector of the CR (Recka and gcasn)’/ 2016).
Unless significant changes are made to the public energy
sector of the CR, the 2015 revision of the TEPAs may yet
prove to be insufficient because there have been many events
in the European energy market since the 1990s, including
the accession of the CR to the EU. According to the model
of Rec¢ka and §éasn}'l (2016), decarbonization of the Czech
public energy system will only be possible in the future
if the prices of European emissions allowances (fee per
tonne of CO, emissions) increase. As a result, this would
see BC probably being replaced by natural gas or imported

Litvinov (city)

s 1b \ -
. 7 72
N - L /’
2b
-~
Most (city) ————— A
————— B
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Fig. 1 TEPAs—areas where BC mining has been forbidden since
1991, areas with BC mining, location of interest for EPPs and CEHPs
and areas with limestone mining: 1 CSA mine (1a borders of TEPA,
Ib brown coal reserves in TEPA); 2 Bilina mine (2a borders of
TEPA, 2b brown coal reserves in TEPA); 3 Pocerady EPP; 4 Chval-
etice EPP; 5 Strakonice CEHP; 6 Ceské Budéjovice CEHP; 7 and 8
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mining of limestone in protected landscape areas; A border of TEPA;
B border of brown coal reserves in TEPA; C urbanized areas. Revi-
sion of TEPAs with regard to CSA mine may endanger a vast terri-
tory including urbanized areas in the future. The EPPs and CEHPs in
this figure were assessed as part of the analysis
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coal, depending on the commodity prices (Marousek et al.
2015b). EU subsidy policy for renewable energy sources (in
the case of hydroelectric power stations) was analysed by
Marousek and Kwan (2013). They concluded that subsidies
should not be applied, but that when technological progress
occurs, it would be better to impose additional taxation on
the outdated technologies. They also suggest that the same
policy should be applied to imports, regardless of service or
product. According to Zhao et al. (2015), BC combustion in
the production of energy releases pollutants into the atmos-
phere, especially SO,, NOy, PM,, (particulate matter with a
diameter up to 10 pm), VOC (volatile organic compounds)
and CO,, which causes the acidification of the environment,
particulate matter emissions (and particulate matter forma-
tion) and photochemical O, formation. Another category of
emissions includes substances that are not measured; this
category contains mainly water vapour with a small amount
of other substances. Developments in the energy sector of
the CR should aim to comply with the Gothenburg Protocol,
especially in the case of NOy and SO, emissions ceilings
(see Table 1) as incorporated in EU Directive 2016/2284 on
the reduction of national emissions of certain atmospheric
pollutants, amending Directive 2003/35/EC and repeal-
ing Directive 2001/81/EC (DRNE; European Commission
2016).

Flue gas desulphurization in coal-fired plants uses alka-
line Ca that neutralizes SO, emissions to a solid form. The
usual methods for large EPPs are wet limestone scrubbing
and fluid combustion with limestone (Del Valle-Zermefio
et al. 2015). Smaller EPPs, CEHPs and DHPs often use a
semi-dry lime scrubber, which is globally the most wide-
spread method used due to its simple technology and imple-
mentation (Cérdoba 2015). Limestone is therefore an impor-
tant input in energy generation in the CR because BC in the
CR contains 1-2% sulphur, with an average of 1.61%, and
most frequently 1-1.51% (Bougka and Pe§ek 1999). Lime-
stone mined in the CR has an average of CaCO; content of
88 wit%, with a maximum of 95% and a minimum of 79%
(Koptikova et al. 2010). The annual limestone extraction in

Table 1 The emissions ceilings for the CR according to the *Gothen-
burg Protocol and the ®Proposal for a Directive of the European Par-
liament and of the Council on the reduction of national emissions of
certain atmospheric pollutants and amending Directive 2003/35/EC,
and the ‘calculated ceilings for the public energy sector of the CR,
which produces a portion (65% of SO, and 35% of NOy) in the CR
(according to statistics of the Czech Hydrometeorological Institute)

Year 2020 2025° 2030
SO, (Ggy™ 116 88 59
NOy (Ggy ™) 183 140 96
Public energy sector, SO, (Gg y™')° 75 57 38
Public energy sector, NOy (Gg y~')° 64 49 34

the CR is 10-11 Tg, which is equivalent to domestic con-
sumption according to the Czech Statistical Office (CSO).
Locally mined limestone deposits are located in protected
landscape areas (see Fig. 1). In addition to emissions, signifi-
cant outputs are coal combustion by-products (CCPs) from
BC combustion and desulphurization of emissions, which
are approximately 13 Tg per year in the CR and 48 Tg in the
EU (ECOBA 2015).

Current state of art suggests that it is appropriate to use
material flow analysis (MFA) to assess the environmental
impact associated with the inputs and outputs of materials
in energy production (Brunner and Rechberger 2004). MFA
is based on the principle of mass conservation assuming that
mass cannot vanish (with the exception of nuclear reactions,
which are not discussed here). According to Bringezu and
Moriguchi (2002), MFA refers to analysis of the throughput
of process chains comprising extraction or harvest, chemi-
cal transformation, manufacturing, consumption, recycling
and disposal of materials. It is based on accounts in physi-
cal units (usually in terms of tons) quantifying the inputs
and outputs of those processes. In agreement with Marousek
et al. (2017a), the subjects of accounting are chemically
defined substances (for example, carbon or carbon diox-
ide), on the one hand, and natural or technical compounds
or ‘bulk’ materials (for example, coal) on the other hand.
MFA has often been used as a synonym for material flow
accounting; in a strict sense, the accounting represents only
one of several steps of the analysis and has a clear link-
age to economic accounting. The CR has a long tradition
of using MFAs, but such analyses were focused on the
CR as a whole. Examples include the works of Recka and
Séasnfj (2016). The difference between this study and oth-
ers is that this study is focused only on one sector. Official
data are available for the Czech public energy sector, which
is defined as an economic activity Section D, Division 35
(NACE 35), in accordance with the medium aggregation
level of the European Classification of Economic Activities
(NACE—Nomenclature générale des Activités économiques
dans les Communautés Européennes, derived from the UN
International Standard Industrial Classification of all Eco-
nomic Activities classification, UN 2008). A MFA has the
advantage of drawing most of the information available from
government or corporate sources and is able to analyse the
entire economic system as a single living organism (Brun-
ner and Rechberger 2004). Sector MFA opens a ‘black box’
within the entire economic system and looks in on one of the
subsystems (Brunner and Rechberger 2004). It is worth not-
ing that it takes time to collect and analyse large amounts of
data provided by producers and offices; scientific papers in
the field thus suffer from a delay of 2-5 years from the ana-
lysed period. For the purposes of this paper, the latest avail-
able data come from 2015, which means they do not truly
reflect the current situation. However, this paper focuses on
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the sectoral level and refining of forecasts and verification
of policy intentions using MFA was possible. The material
flows are graphically illustrated by the Sankey diagram.

The following hypotheses were formulated: (1) the
updated EP was too ambitious in terms of the decrease in BC
mining; (2) the updated EP created sufficient coal reserves
for the event of a delay in the development of nuclear EPPs;
and (3) the updated EP considered the limited availability
of local limestone resources.

These issues are critical because if the updated EP has
overestimated the pace of decline, the Czech energy sector
will need to adapt its production to energy sources other
than BC and terminate electricity exports to neighbouring
countries. Worse still, the transmission of energy from other
countries (especially Germany) is limited by a lack of infra-
structure. If the future consumption of BC is underestimated
in the updated EP, limestone mining will damage protected
natural areas in the CR. A related question is whether the
decrease in the consumption of fossil fuels will be sufficient
to fulfil international emissions obligations.

Methods and data

System boundaries for the MFA (see Fig. 2) were set accord-
ing to the method of Brunner and Rechberger (2004) for the
public energy sector of the CR, which includes all EPPs,
CEHPs and DHPs connected to the public grid (MarouSek
etal. 2012). Raw material mining, processing, transport and
use of CCPs and waste management, development of infra-
structure, EPPs and DHPs, and other follow-up activities are
other sectors and are not included in the analysed system.

Material flow quantification
The flows of BC, black coal, natural gas, crude oil, limestone

for flue gas desulphurization, CO, emissions, emissions of
S0,, PM,,, NO,, CO and VOC and CCPs were quantified

Fig. 2 Boundaries of assessed INPUTS
system setting. 'Within the sys-
tem boundary are all fossil fuel LT
combustion plants that are con- Fossil E
nected to the public distribution fuels !
grid. 2Outputs of SO,, PMj, R "
NO,, VOC and CO aw ;
material :
1
1
Limestone
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using the methods below according to the set system bound-
aries. The data used from various sources are summarized
in Table 2.

The values for the fossil fuel inputs are taken directly
from the CSO. The input of limestone in the public energy
sector of the CR was quantified in several ways: extrapola-
tion of corporate data (see Table 3, Eq. 1); using a stoichio-
metric calculation in accordance with the sulphur content in
BC input (see Table 2, Eq. 2); using a stoichiometric calcula-
tion in accordance with annual gypsum production (Eq. 3).
The extrapolation of corporate data (Eq. 1) was calculated
as the average ratio of limestone to coal inputs (see Table 3)
multiplied by the consumption of BC in the public energy
sector of the CR.

my = rycige [Gg] (1
Equation 1 my; = annual limestone input in CRs public
energy sector (in Gg); r - = average weight ratio of lime-
stone to coal (in Gg) (see Table 3); my = annual BC input
(in Gg).

The stoichiometric calculation (Eq. 2) of limestone
input in accordance with the annual BC consumption was
done using data for the S content in BC mined in the CR
(wgpc, Table 2). The weighted average of the Ca/S ratio
(rc,g) according to installed power and the individual des-
ulphurization method is shown in Table 4. The input of lime-
stone was calculated with a content value of 95% CaCO,

(Weacoan)-

_ mpeWspcrogs(Ar +Ac +34,0) G
my, = [ g]

@

Weaco,L4rca

Equation 2 m;, = annual limestone input in the public
energy sector of the CR (in Gg); mpe = annual BC input (in
Gg); wgge = content of sulphur in BC; r¢,g = weighted aver-
age of ratio Ca: S; wg,coa. = content of CaCOj in limestone;
A, = relative atomic mass of Ca; A, = relative atomic
mass of C; A, = relative atomic mass of O. This equation

OUTPUTS
____System boundaries ______ CO,
Hot water and steam E - .
) i Other emissions
production ) ' into the
athmosphere 2

Flue gas desulphurisation

Electricity production
from steam

Activity according to NACE 35:

Energy production in
EPP, DHP, CEHP'
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Table 2 Data used and their sources, which were processed using the following methods

Data for 2015 Value Source

BC input (2015, mp() 30.8 Tg CSO*

black coal input (2015, m) 3.6 Tg CSo*

natural gas input (2015, myg) 624 Gg CSo*

crude oil input (2015, m¢q) 12 Gg CSO*

weight ratio of limestone to coal—average (r ) 0.0431 Table 3

sulphur in BC content (wgpe) 1.53 wt% Czech Coal Inc.”
content of CaCOj in high-quality limestone in CR (wg,co31) 95 wt% Koptikovi et al. 2010
Ca/S ratio for desulphurization (r¢,g) 1.18 Table 4

content of CaSO,-2H,0 in artificial gypsum (wWe,g042m206) 80-95 wt% Telesca et al. (2013)
CO, emissions 435 Tg CENIA!

SO, emissions 823 Gg CHI®

NOy emissions 56.2 Gg CHI*

CO emissions 12.5 Gg CHI®

VOC emissions 5.7 Gg CHI®

PM,, emissions 30Gg CHI®

Gypsum output (mg) 23Tg ECOBA®

Ashes and slag output 9.0 Tg ECOBA®

Fly ash (fluidized bed) 1.3Tg ECOBA®
Electricity production from BC (Eq) 131 PJ Ccso*

Heat production from BC (Egy) 47PI Cso?*

Primary energy input in BC (E;) 369 PJ CSo*

BC input in EPPs (mgp) 183 Tg Cso*

BC input in CEHPs and DHPs (m4p) 125 Tg Cso*

Anticipated electricity energy production from BC in 2020, 2025, 2030, 2035,

2040 (Egp,)

Anticipated heat production from BC in 2020, 2025, 2030, 2035, 2040 (EHPy)

133.0; 105.0; 100.6; 84.1; 48.6 PI EP

42.4;32.4;254;23.9;18.1 PJ EP

The data enable the quantification of flows of BC and limestone and the production of emissions. Each institution collects data separately in the

CR, so many different data sources were used
“Czech Statistical Office
®Czech Coal (average)

“data were approximated from the wt. ratio of values for the year 2013 (ECOBA 2015) to BC consumption (CSO 2016): for gypsum out-
put—7.595% of BC consumption; for ashes and slag output—29.189% of BC consumption; for fly ash (fluidized bed)—4.228% of BC consump-

tion
4Czech Environmental Information Agency
¢Czech Hydrometeorological Institute

Table 3 Weight ratio of limestone to coal

Name of plant Desulphurization method Weight ratio of

limestone to coal

Chvaletice Wet limestone scrubber 0.0406
Pocerady Wet limestone scrubber 0.0413
Prunéfov Wet limestone scrubber 0.0445
Strakonice Semi-dry lime scrubber 0.0442%
Average (ry¢) 0.0431

“Stoichiometric calculation from lime to limestone

is appropriate for calculating the consumption of limestone
in the case where the sulphur content in the combusted BC
is known.

Stoichiometric calculations in accordance with annual
gypsum output (mg, according to ECOBA 2015) were made
using the contents of CaSO,-2H,0 in gypsum (We,s04.2020)
of 80 and 95 wt.% (Telesca et al. 2013).

reasWeaso, 21m,06MG (Arca + Arc + 3410)
WCaCO3L(ArCa + ArS + 6Ar0 + 4ArH)

3 =

Gl )

Equation 3 m;; = annual limestone input (in Gg);
reas = weighted average of weight ratio Ca/S; mg = gyp-
sum output (in Gg); We,s04.2m20G = content of CaSO,-2H,0
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Table 4 Ca (in limestone input)/S (in BC input) wt. ratio for desul-
phurization methods

Desulphurization Installed Efficiency of Ca/S wt. ratio
method power desulphurization
(MWh) (%)
‘Wet limestone 6524 95 1.02-1.07
scrubber”
Simultaneous com- 968 80 2
bustion on a fluid
bed”
Semi-dry” App.207 75 1.5
Semi-dry” 80 1.7
Weighted average 1.18
(rcas)

Installed power means the maximum possible power of EPPs and
CEHPs with regard to electricity generation

“Nagyard et al. (2004)
"Del Valle-Zermeiio et al. (2015)

in gypsum; we,coa. = content of CaCO; in limestone;
A, = relative atomic mass of Ca; A, = relative atomic
mass of C; A = relative atomic mass of S; A, = relative
atomic mass of Ca; A 4 = relative atomic mass of H.

Data from the Czech Hydrometeorological Institute (CHI)
and CENIA (2017) were used to quantify the stoichiometric
(using the ratio of the relative atomic mass of each element
and the molecular mass of the relevant substance emission)
output of C (in CO, emissions), S (in SO, emissions), N (in
NOy emissions) and C (in CO emissions) in agreement with
Vokoun (2016) and Novak et al. (2016) (see Table 2). VOC
and PM,, emissions were used directly from CHI data. CCPs
were quantified using data from the year 2013 (ECOBA
2015). ECOBA does not distinguish between waste and by-
products. Data were approximated from the wt. ratio values
for the year 2013 (ECOBA 2015) to BC consumption (CSO
2016) as 7.595% of BC consumption for gypsum output,
29.189% of BC consumption for ashes and slag output and
4.228% of BC consumption for fly ash (fluidized bed). The
category of aggregated other outputs was calculated from
the total balance of inputs and outputs. A Microsoft Excel
spreadsheet with the macro-Sankey Helper 2.5 (Doka LCA

2016) was used to build a Sankey diagram (MarouSek 2013a,
b) that graphically represents the flows.

Calculation of environmental impact indicators

Environmental impact indicators were calculated for these
categories: material input (Eq. 4); energy consumption
(Eq. 5); global warming potential for temperature change
over a 100-year time horizon (GWP100, CO, equivalent);
emissions of acidifying substance (SO, equivalent); par-
ticulate matter emissions (PM,, equivalent); photochemical
ozone formation (VOC equivalent); and CCP production
(together with wastes). The impact potential of a substance
for calculation (Eq. 6) is presented in Table 5. The functional
unit is the production of 1 PJ of energy (electricity and heat)
from fossil fuels in the Czech energy sector in 2015.

[Ge] )

My +mc +mNG + Mo + my

M, =
Eon + Eop

Equation 4 M; = material input (in Gg); my = input of
BC (in Gg); m = input of black coal (in Gg); myg = input
of natural gas (in Gg); my = input of crude oil (in Gg);
my = input of limestone (in Gg); Eyy = energy output in
heat (in PJ); Egp = energy output of electricity (in PJ).

E )

¢ Eon + Eor ©)
Equation 5 E, = energy consumption (in PJ); E; = primary
energy input in BC (the calorific value of BC input, in PJ);
Eqy = energy output in heat (in PJ); E; = energy output of
electricity (in PJ).

T (XYP, - m))

Vgy = [Gg of relevant equivalent] ©)

I

Eou + Eog
Equation 6 Vy, = value of indicator for category XY;
XYP, = impact potential of substance i for category XY (see
Table 5.); and m; = weight of output of substance (emission,
see Table 2, in Gg); Eqy = heat production from BC (in PJ);
Eg = electricity production from BC (in PJ). Category XY
means the category of emissions of acidifying substances,

Table 5 Impact potential of

Emissions of acidifying sub-
stances (Gg SO, equivalent)

Particulate matter emissions Photochemical ozone
(Gg PM,, equivalent) formation (Gg VOC
equivalent)

. Substance
substances according to the (emission)
European Commission (2011)

S0, 1

NOy 0.70
cO N/A
PM,, N/A
voC N/A

0.54 N/A
0.88 1.22
N/A 0.11
1 N/A
N/A 1
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the category of particulate matter emissions or the category
of photochemical ozone formation.

Anticipated future material inputs for BC combustion
for generating electricity and heat in the public energy
sector of the CR for State and private EPPs, CEHPs
and DHPs

The anticipated BC inputs in the public energy sector of the
CR were calculated as the sum mgp, (mass of BC inputted in
EPPs, Eq. 7) and myp, (mass of BC inputted into CEHPs and
DHPs, Eq. 8) in Gg. Equations 7 and 8 use the anticipated
production of electricity (Egp,) and heat (Eyp,) according to
the prediction in the updated EP for the years 2020, 2025,
2030, 2035 and 2040 (Eq. 7 for electricity and Eq. 8 for heat
production).

Epp, - mg
EPy * MEP2015 [Gg] o

Mgp, =
y
Eqp

Equation 7 Egp, = anticipated BC energy consumption in
EPPs for the selected year (in PI); Ej; = electricity produc-
tion from BC in 2015 (in PJ); mgp,, 5 = consumption of BC
in power plants in 2015 (in Gg).

EHPy * Myp2o1s

G ®)

. =

HPy EOH
Equation 8 Eyp, = anticipated BC energy consumption in
heating plants (including DHPs and CEHPs) for the year
(in PI); Eqy = heat production from BC in 2015 (in PJ);
Migpaors = consumption of BC in heating plants in 2015 (in
Gg).

The total amount of the anticipated BC input in the public
energy sector of the CR was calculated as the sum of mgp,
(Eq. 7) and myp, (Eq. 8) in Gg. The limestone input for flue
gas desulphurization in the public energy sector of the CR
(my;, my,, my;) was extrapolated in direct proportion (with
coefficients m | -mge 1y 2 Mpe, My 5o to the anticipated
consumption of BC (sum of mgp, and myp,) to approximate
future development.

Anticipated development of SO, and NOy emissions

The anticipated future outputs of SO, and NOy emissions
from the public energy sector of the CR were extrapolated
in direct proportion (with coefficients 0.002675 for SO, and
0.001827 for NOy) to the anticipated consumption of BC
(sum of npp, and myp,). The coefficients used for SO, and
NOy were calculated as the wt. ratio of SO, emissions to
mpe and as the wt. ratio of NOy emissions to mp. The antic-
ipated outputs of SO, and NOy emissions were compared
with the emissions ceilings from the DRNE for the CR and

with the anticipated ceilings for the public energy sector of
the CR (see Table 1).

MFA in selected EPPs and CEHPs

Two EPPs (Pocerady Power Plant, Chvaletice Power Plant),
and two communal CEHPs (in the cities Strakonice and
Ceské Bud&jovice) were selected for the MFA. The MFA
was conducted for the selected EPPs and CEHPs to obtain
the values of limestone consumption and to verifying the
amount of CCPs during real operations. The MFAs were
done analogically with macroeconomic MFA. The system
boundaries included BC treatment, BC combustion, flue
gas filtration and desulphurization in the selected EPPs
and CEHPs. The values used for the flows were ascertained
directly from corporate data.

Results

Identification and quantification of material flows
of fossil fuels combustion in the public energy sector
of the CR

The major material inputs and outputs are shown in the dia-
gram in Fig. 3. In 2015, the public energy sector of the CR
consumed 30,769 Gg of BC (73% of domestic consump-
tion), 3562 Gg of black coal, 624 Gg (0.945 km?) of natural
gas and 12 Gg of crude oil fuels. The limestone input value
was between 1326 and 1621 Gg (see Table 6). Limestone
used for flue gas desulphurization in the public energy sector
represents 10-13% of the total domestic limestone consump-
tion in the CR. CO, was a major gas output with 45,450 Gg
(12,395 Gg of C) in 2015. The emissions of pollutants SO,,
NOy, CO, VOC and PM,, into the atmosphere are shown in
Table 7. In 2015, CCP outputs in the public energy sector
of the CR were 8981 Gg of fly ash and bottom ash, 2337 Gg
of desulphurization product (gypsum) and 1301 Gg of ash
from fluidized bed.

Calculation of environmental impact indicators

The values of the selected environmental impact indicators
for producing 1 PJ of energy are shown in Table 8.

Anticipated future development of BC and limestone
inputs in the public energy sector of the CR

and anticipated future development of SO, and NOy
emissions

The anticipated annual consumption of BC for the genera-

tion of electricity and heating in plants should decrease
from 30,769 Gg in 2015 to 11,590 Gg in 2035 (see
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Fig. 3 Amount of material
inputs and outputs for fossil .
fuels combustion in the public Public C ( In Coz ) 12 359
energy sector of the CR in Gg S (inSO a1
in 2015. Ashes, slag and fly ash energy N ( :pl N02 % 16
are CCPs from combustion, sector ? . X
gypsum and desulphurization BC 30 769 CM in CO) g
products are CCPs from flue gas 10 &
desulphurization voC
CR
Black Other outputs
coal 3562 2015 8 981
Natural Ashes and slag
gas G d
Oil fuels 12 flows in Gg ypsum an 2337
. desulph. products
Limestone
1326 Fly ash 1301
(fluidized bed)
Table 6 Ijim;,sloi?e Method of determination Limestone input in public energy
consumpl{on tor flue gas sector of the CR in 2015 (Gg)
desulphurization in the power
sector of the CR in 2015 Extrapolation of corporate data (m ) 1326
Calculation from coal consumption (i ,) 1460
Calculation from amount of gypsum products and desulphurization 1348
waste with CaSO,4-2H,0 content in artificial gypsum 95% (m; 5)
Calculation from amount of gypsum products and desulphurization 1135
waste, CaSO,-2H,0 content in artificial gypsum 80% (my 3)
Table 7 ‘Quantity of c?missions Substance SO, (as S) NOy (as N) CO (as C) vOC PM,,
outputs from the public energy
sector of the CR in 2015 Emissions 82.3 Gg (41.1Gg) 56.2 Gg (16 Gg) 12.5 Gg (5 Gg) 5.7 Gg 3 Gg

Table 8 Selected environmental impact indicators calculated for 1 PJ
of energy production (within 73% electricity) from fossil fuels in the
public energy sector of the CR in 2015

Energy consumption (PJ) 2.07
Material input (Gg) 180
GWP100 (Gg CO, equivalent) 255

Emissions of acidifying substances (in Gg SO, equivalent)  0.68
Particulate matter emissions (in Gg PM,, equivalent) 0.54
Photochemical ozone formation (in Gg VOC equivalent) 0.32
CCPs (in Gg) 71
Used CCPs (min.) 78 wt%

Table 9). The anticipated limestone input in the public
energy sector of the CR is shown in Fig. 4.

A comparison of the anticipated development of SO,
and NOy emissions in relation to the emissions ceilings
presented in Table 1 is shown in Fig. 5.

@ Springer

Material flows in selected facilities

The diagrams in Fig. 6 show the principal material
inputs and outputs in the selected facilities for 2013. The
Pocerady EPP consumed approximately 15.6 wt% of the
total power sector consumption of BC in the CR in 2013.
The Pocerady EPP produced 1472 Gg of stabilisate (CCPs
are mixed with water; the water for producing this stabi-
lisate is included in the inputs). The Chvaletice EPP con-
sumed approximately 8.4 wt% of the BC inputs in the CR’s
power sector. The Strakonice CEHP combusts BC with a
sulphur content of up to 2 wt% and is equipped with des-
ulphurization equipment. The desulphurization using milk
of lime was undertaken with relatively low efficiency (not
significantly above 77.3%). Ceské Budg&jovice CEHP is an
example of a plant that combusts BC with a low sulphur
content. However, in 2013, it did not have desulphuriza-
tion equipment available. The sulphur released into the
atmosphere in 2013 was approximately 0.31 wt% of the
input coal.
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Fig. 4 Anticipated limestone 1600
input in the public energy sector | e
of the CR between 2015 and 1400
2040 1200
1000
]
E 800
©
< 600
400 -
200
0
2015 2020 2025 2030 2035 2040
—Limestone input (extrapolation of corporate data)
Limestone input (max. calculated value)
--- Limestone input (min. calculated value)
Table 3 Anticipated BC Year 2015 2020 2025 2030 2035 2040
consumption calculated
according to thf’ an‘ticil[:uled EPPs—anticipated coal consumption Gg 18,277 18,559 14,650 14,037 11,736 6779
energy production in the EP CEHPs and DHPs—anticipated coal con- 12,492 11269 8611 6751 6352 4811
sumption Gg
Anticipated total consumption Gg 30,769 29,828 23.261 20,788 18,088 11,590

200

180 —A1
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Fig. 5 Comparison of anticipated development of SO, and NOy
emissions and emissions ceilings from Table 1. A—SO, emission;
B—NOy emission; 1—anticipated value according to anticipated BC
input; 2—emissions ceilings for CR; 3—anticipated public energy
sector ceilings for the CR. Higher efficiency of emissions cleaning

should be applied after 2025

Discussion

The MFA used has proven to be useful for predicting the
future development of electricity and heat production from
BC in EPPs, CEHPs and DHPs, regardless of the method of
mining or the distance that the raw material is transported.
The advantage of this setting of boundaries in this MFA is
the minimal amount of data required. However, under-eval-
uating the total flows of materials during the real production
of energy from fossil fuels in the CR is the disadvantage of

this setting. Extending the system of boundaries is not possi-
ble due to the comparison of the results with EP predictions
and emissions ceilings. The results obtained for the indica-
tors are not comparable to those of the LCA covering the
whole production system because the transport of materials
may be reflected in the results of indicators by as much as
5-30% (other subsequent activities play a minor role). It has
been confirmed that the level of statistics in the EU is suffi-
cient for sectoral MFA. The outputs of CO, and the GWP100
value obtained from LCA (Zhao et al. 20153) are similar to
those for the public energy sector of the CR (255 Gg CO,
equivalent in the CR to 247-266 Gg CO, equivalent in LCA
for 1 PJ of energy generated by coal combustion plants).
However, Zhao et al. included mining and transport of coal
in their study. According to their results, mining and trans-
port accounted for 11-15% of the total GWP100 from energy
production. The energy efficiency of electricity production
from BC was between 37 and 43% (Zhao et al. 2015). The
efficiency of transformation in fossil fuel combustion in
the public energy sector of the CR was 48% (together with
heat production, without mining and transport, MarouSek
et al. 2017b). Other values from the assessment by Zhao
et al. (2015) should not be compared with those obtained
in this study because a lower quality BC is used in the CR.
The GWP100 was 245 Gg CO, equivalent for 1 PJ of pro-
duced electricity in a UK coal-fired EPP (Odeh and Cock-
erill 2008), 89% of which was emitted by coal combustion.
Other environmental impact indicators were not calculated
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by Odeh and Cockerill (2008). The GWP100 from BC com-
bustion in power plants was 300-311 Gg CO, equivalent for
1 PJ of electricity production in Turkey. Acidification of the
environment by BC combustion was 1.66 Gg SO, equivalent
in Turkey (Atilgan and Azapagic 2016). A higher efficiency
of desulphurization emissions was found in the CR, which
was 0.68 Gg SO, equivalent for 1 PJ of energy production
in 2015 (MarouSek 2014). The efficiency of Turkey’s coal-
fired power plants ranged only from 23 to 27% in terms of
electricity generation (Atilgan and Azapagic 2016).

The consumption of limestone in the energy sector was
rarely quantified in the past. LCA analysis in USA coal com-
bustion EPPs showed the impact of the tightening of the lim-
its for SO, emissions on limestone consumption, which grew
by 150% from 1989 to 1994 (Spath et al. 1999). With regard
to the Gothenburg Protocol and DRNE, a larger Ca/S ratio
for limestone input in desulphurization should be expected
after 2025. This fact may influence the future development
of limestone consumption, which is presented in the results
and shown in Fig. 4.

An increase in the share of CEHPs in electricity produc-
tion will be needed for compliance with the EP. The graph
in Fig. 7 shows an approximation of BC input in the Czech
energy sector and total BC mining according to the EP. On
this basis, the reconsideration of TEPAs should not be neces-
sary before 2035, provided that the development of renew-
able sources and nuclear power plants is implemented in
accordance with the EP. In this case, the public energy sector
of the CR should be self-sufficient until 2040; however, other
consumers of BC would have to use alternative sources after
2035 (see Marousek et al. 2015¢). If the development of
renewable sources and nuclear power plants is not realized

@ Springer

in accordance with the EP before 2035, the CR can avoid
reconsidering TEPAs by terminating electricity exports.
Unlike Turkey, which had an energy production structure
similar to that of the CR in the last decade (Balat 2007), the
public energy system of the CR should partially divert to
other fuels. Less specialized consumers can also use other
fuels (e.g. black coal) or a mixture of BC with black coal in
the future. The amount of CCPs in the Raw Material Policy
of the CR was 13,000 Gg annually (MIT 2015), which came
from the producer CEZ. This value represented approxi-
mately 37% of input BC and black coal and corresponds
with the situation in the assessed EPPs (34, respectively,
41%) (Fig. 6).

Conclusions

The results suggest that the EP will be fulfilled during the
period 2015-2040 only under the condition that both the
development of nuclear energy and the optimistic devel-
opment of renewable energy sources (especially biomass)
are realized. A reconsideration of TEPAs may be required
by energy producers if the development of nuclear EPPs
is halted. Such a situation may lead to an increase in the
consumption of foreign sources of fossil fuels (black coal,
natural gas) and the transfer of the environmental impacts
out of the CR. Based on the above, it is possible to sup-
port the hypothesis that the EP for the CR contains signifi-
cant deficiencies with regard to self-sufficiency and a sur-
plus because it does not include any reserves of BC should
there be a delay in the development of nuclear power plants
after 2025. A repeal of TEPAs and the EP after 2025 will
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Fig. 7 Anticipated BC input 40000 -
in the public energy sector of
the CR and the anticipated 35000
total consumption of BC in the —~ 30000 -
CR; future development of BC |
extraction with regard to the g 25000
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and abolished TEPA =
S 15000 -
10000 -
5000 -
0
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—Anticipated BC input in public energy sector

—~Anticipated total consumption of BC in CR
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probably increase the impacts on the environment. Terminat-
ing electricity exports provides a better solution for main-
taining TEPAs, even though the EP predicts a surplus. The
situation may improve if scientific research progresses and
finds ways to make more efficient use of existing resources
or new ways to produce energy in the Czech Republic. It
should also be noted that the strategic documents devoted
insufficient attention to the consumption of limestone in
relation to the desulphurization of power plants. Higher air
quality requirements will probably lead to the increased con-
sumption of limestone and associated environmental impacts
after 2025 because a reduction of BC consumption may not
be sufficient to meet the DRNE emissions ceilings.
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ABSTRACT ARTICLE HISTORY
According to the latest waste-to-energy concept, the corporate operators of Received 22 May 2018
urban heating systems (UHS) in European Union (EU) should replace fossil fuels Revised 10 September 2018
by incineration of mixed municipal solid waste (MMSW, following 2008/98/EC Accepted 14 October 2018
Waste Framework Directive that implements mandatory waste separation

. . . KEYWORDS
system for at least paper, plastic, glass, and metal packaging since 31 of Mixed municipal solid waste;
December 2014). However, there are indications that MMSW incineration will incineration; energy policy;
be counterproductive to the existing Directive on reducing national emissions political economy; emissions
of certain atmospheric pollutants. Material flow analysis for comparing the
environmental impacts of the incineration of lignite, natural gas, and waste in
UHS was carried out on a commercial scale. Results showed that replacing
lignite by MMSW can lead to an increase in emissions of nitrogen oxides and
other negative environmental impacts. However, it is proposed that co-
combustion MMSW with natural gas could be a better alternative.

Introduction

The waste-to-energy technologies (Brunner and Rechberger 2015) are represented by two main
directions: (1) direct combustion including combustion with other fuels (Goddard et al. 2005) and
(2) processing into alternative fuels (Marousek et al. 2015). Regarding the combustion techniques,
both co-combusting mixed municipal solid waste (MMSW) with fossil fuels (Channiwala and Parikh
2002) and biofuels (Marousek et al. 2013) can be traced in the literature. With regard to processing
the MMSW into alternative fuels, gaseous (Dong et al. 2018), liquid (Marou$ek and Kwan 2013) or
solid (Mardoyan and Braun 2015) products have already been investigated. Mechanical biological
treatment of MMSW (Fei et al. 2018) is a longer-established method. According to the latest vision
of the European Union (EU), the waste-to-energy technologies should be used for transition into the
circular economy (Malinauskaite et al. 2017). This standpoint is in a good agreement with the
existing legislative in the EU, which aims to terminate waste landfilling after 2024. This policy could
also compensate the scarcity of fossil fuels in the EU (Dvorfdk et al. 2018). The EU MMSW have
a calorific value of approximately 10 M] kg'l (Porteous 2005). It can be expected that the calorific
value will increase as a response to China’s waste import ban (Walker 2018). Following the above,
EU corporate operators of urban heating system (UHS) are considering replacement of fossil fuels by
MMSW (direct incineration). An advantage of waste-to-energy concept should also be a double
income for operators, first for the waste removal and then for the energy distribution (Haskovd
2017). On the other hand, some EU members currently have difficulties in meeting the national
emission ceilings as incorporated in the 2016/2284 EU (Directive on the reduction of national

CONTACT Vojtéch Stehel @ stehel.vojtech@gmail.com @ The Institute of Technology and Business in Ceské Budgjovice,
Okruzni 517/10, Ceské Budéjovice, 370 01 Czech Republic
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emissions of certain atmospheric pollutants; European Commission 2016), especially nitrogen oxides
(NOx). Poland and Bulgaria have already been investigated by the European Court of Justice (The
European Court of Justice 2017, 2018). In addition, France, Italy, Romania, Hungary, Czech
Republic, and Slovakia are failing to comply with the requirements of directives regarding particulate
matter (particles with a diameter up to 10 ym, PM10) that are secondary pollutants from NOx
(European Environment Agency 2017). Therefore, UHS located in the concerned countries are
currently replacing or modifying their equipment to incorporate the best available technologies
(BAT, European Commission 2017), or preparing for MMSW combustion. Regarding the Czech
Republic, there are no of pretreatment of MMSW is not carried out at the moment. Production of
MMSW was 267 kg per capita in 2016 in the Czech Republic and approximately 20% is combusted
(for energy use), the remaining MMSW is landfilled (Marousek et al., 2017).

Hypothesis was formulated whether the current EU waste-to-energy concept could result in increased
production of nitrogen oxides, respectively, in a conflict with EU policy on emissions reduction.

These contradictions may significantly influence the quality of life and related economic aspects of the
population not only in the EU. Material flow analysis (MFA, Brunner and Rechberger 2004) is an
established method suitable for analyses of material and energy flows including subsequent evaluation of
environmental impacts of the following categories: material input, energy from fossil fuels, non-metal
waste production, global climate warming potential (GWP), acidification, particulate matter emission
and formation, and photochemical ozone formation (Marou$ek 2013, 2015).

Methods

Local MMSW is analyzed in Zivodska et al. (2014) who claim that 35% of energy from mixed
municipal waste in the Czech Republic can be considered as renewable for analysis of the impact of
incineration of waste on global climate change. Four different heating plants that operate on
a commercial scale were analyzed in terms of emissions per energy produced. All analyzed systems
operated in compliance with a current BAT in 2016.

MMSW combustion heating plant (A)

MMSW was incinerated in two steam generator units (grate type of boiler) with a maximum consump-
tion of 32 t h™' of MMSW (power of approximately 70 MW). Natural gas was used only for ignition. Flue
gas cleaning system was based on urea addition in boilers for reducing of NOy, active carbon filters, lime
scrubber for neutralization, and textile filters at the end. Wastes from combustion were slag, fly ash, and
ferrous and aluminum scrap. Used boilers processed different MMSW streams without separate pre-
treatment, MMSW was from all over the country. Input was untreated MMSW, not refuse-derived fuel.
Nevertheless, it is possible to classify combusted MMSW as fuel theoretically according to Waste &
Resources Action Programme (WRAP 2012), economic attributes: biomass content class 5, net calorific
(as received) value classification class 4, moisture content class 4.

Values for air pollution limit for MMSW combustion heating plant of the concentration of
substances (according to Integrated Pollution Prevention and Control authorization): 50 mg/m3 of
SO,; 200 mg/m* of NOy, 50 mg/m® of CO, 8 mg/m® of VOC, and 10 mg/m* of PM10.

Lignite combustion heating plant (B)

Lignite was combusted in two steam generators based on fluid combustion. Flue gas cleaning system
was based on recuperation of unburned solid particles, electrostatic precipitator for particles reduce,
and flue-gas desulfurization with wet limestone scrubbing for neutralization of emission. Natural gas
was used for ignition in boilers. Natural gas was combusted in two electricity and heat co-generator
engine units with a power of 9.17 MW of electricity and approximately 18 MW of heat. Cleaning flue
gas from these units was based on selective catalytic reduction with the addition of urea. Maximum
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power of 109.9 MW in heat. Values for air pollution limit of the concentration of substances
(according to Integrated Pollution Prevention and Control authorization): 400 mg/m® of SO.;
300 mg/m’ of NOy, 250 mg/m® of CO, 10 mg/m® of VOC, and 20 mg/m® of PM10.

Natural gas combustion (C)

Natural gas was combusted in four units with steam boilers (power of 411 MW, 140 MW, 180 MW,
and 34 MW of heat) and 113 small natural gas facilities consisting of hot water boilers and engine
electricity and heat co-generators (each one with a maximum power of 22 kW of electricity). The
quality of the flue gas is determined by the primary measures, especially by setting the burning
temperature in the combustion space and the air to natural gas ratio. Values for air pollution limit of
the concentration of substances (maximum values for all): 35 mg/m3 of SO,; 200 mg/m3 of NOx,
100 mg/m” of CO, 50 mg/m* of PM10.

Combined combustion of natural gas and MMSW (D)

Heating system consisted of combined combustion of natural gas and MMSW. Both of these
subsystems have been described above (A and C) and both were in fact connected to the heat
supply system in one city. Therefore, MMSW combusted in this system were identical to system
A. Used data (see Table 1) were calculated as the sum of values (values A plus values C).

System boundaries for the MFA were set according to the method of Brunner and Rechberger
(2004) for the heat production in systems for the entire calendar year of 2016. Electricity production
was included in analyzed systems only in the case of using natural gas generators (electricity is
a primary product). If a part of superheated steam from boilers was used for secondary electricity
production, it was not included in the analyzed system. Raw material mining, processing, transport
and final waste management, development of infrastructure, and other follow-up activities are not
included in the analyzed system. The data used for material flow analysis and the methods for

Table 1. Data used for following calculations, where "calculated according to calorific value of fuel guaranteed by the supplier (lignite
17.61 MJ t; natural gas: 34.81 MJ t': MMSW not counted since not understood as fossil fuels); 2Belt scale system; 3Gasometr,
calculation from m* “weighbridge for trucks; *delivery notes values; ®Electricity meter, only on natural gas engine co-generators;
"Calorimetry, without self-consumption of energy; ®Measured according to Commission Regulation (EU) No. 601/2012 on the monitoring
and reporting of greenhouse gas emissions pursuant to Directive 2003/87/EC of the European Parliament. Calculation from lignite
consumption (B) and for gas consumption (C) as Heat Plant and CHP according to 2006 IPCC Guidelines for National Greenhouse Gas
Inventories, vol. 2 chapter 2, in case (A) “Measured according to Directive 2010/75/EU on industrial emissions. Abbreviations explained in
the Methods chapter. According to Czech regulation of the permissible level of air pollution and its detection (number 415/2012), were
used methods, which are the most accurate with respect to the permissible level in each of cases.

A B C D
Energy of fossil fuel, Eg [y 3.74 1311.47 4570.51 4574.24
Lignite, m; [t 0.00 72050.00 0.00 0.00
Natural gas, myg [ 0.1 1225.86 131298.74 131298.84
Light fuel oil, mg [ 0.00 0.00 0.00 0.00
Limestone + lime, my, [t]* 2295.00 1302.36 0.00 2295.00
Urea, my [t 645.20 1.64 0.00 645.20
Activated carbon, m¢ It 35.20 0.00 0.00 35.20
Waste input, my, [t]* 228915.00 0.00 0.00 228915.00
Electricity output, E, [TJ]° 0.00 19.20 993.91 993.91
Heat output, £, [TJ]’ 220093 1127.62 2476.59 4677.52
Co, [t® 151736.65 118105.33 217731.00 369467.65
50, [t]° 35.68 16.40 0.00 35.68
NOy [t]° 280.08 93.16 218.34 498.42
PM10 [t]° 0.38 54.64 0.00 0.38
co [t° 741 0.46 79.98 87.39
vOoC [t]° 2.21 0.00 0.00 2.21
Waste output — nonmetal W,,, [t]* 57058.00 13090.63 0.00 57058.00

Waste output — ferrous and other metals scrap [t]* 4747.00 0.00 0.00 4747.00
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measuring them are shown in Table 1. Functional unit of comparison of SO,, NOx, CO, VOC,
PM10, and CO; emissions flow was 1T] of output heat and electricity energy together. Emissions
flow Fyy was calculated for each system as follows:

Fxy = myy(E, + Ee)_l[t] (1)

where myy is weight of emission of substance XY from the system in t, Ej, is heat in TJ, and E, is
electricity in TJ, values are mentioned in Table 1.

Calculation of environmental impact indicators (as listed below) from material flows was made
according to the European Commission (2011), using the midpoint method. The functional unit is
the production of 1 T] of energy (heat; electricity included only in the case of natural gas engine co-
generators). Environmental impact indicators were calculated for the following categories:

Material input M; is calculated as follows:

M; = (my + myg + mo + my + my 4+ me + my,) (B, + E) 7 '[t] (2)

where my is lignite weight, myg is natural gas weight, mg is light fuel oil weight, m;; is limestone and

lime weight, my, is urea weight, m is activated carbon weight, my;y is input waste weight of, all in t;

E, is heat in TJ] and E, is electricity in T]. The values are shown in Table 1.
Consumption of energy from fossil fuels E; is calculated as follows:

E; = Eg(E, + E.) ' [T]] (3)

where Ejis input energy from fossil fuels, Ej, is heat in TJ, and E, is electricity in T] (see the values in
Table 1.

Non-metal waste production Wy is calculated as follows:

WO - Wﬂm(Eh + Eﬂ)_l [t} (4)

where W, is output of non-metal waste from the system in t, Ej, is heat in TJ, and E, is electricity in
TJ. The values are given in Table 1.
GWP for temperature change over a 100-year time horizon GW was calculated as follows:

GW = mco, (Ey + E.) ' [tCO,equivalent] (5)

where mcq; is CO, from the system in t, Ej, is heat in TJ, and E, is electricity in T]. The values are
given in Table 1. The value was multiplied with coefficient 0,65 for concluding the portion of
biomass in MMSW in the Czech Republic (Marousek 2014) in the case of MMSW combustion
heating plant (A).

Acidification (SO, equivalent); particulate matter formation (PM10 equivalent); photochemical
ozone formation (VOC equivalent). The impact potential of substances for the following calculation
are shown in Table 2.

Vxy = =" [t of equivalent] (6)
e

where Vyy is the value of the indicator for category XY, XYP; is impact potential of substance i for
category XY (Table 2), and m; is the weight of output of substance (emission) from Table 1.

Results and discussion

Results of emission level comparison (Figure 1) show that combustion of MMSW (A) emits higher
concentration of NOx than that of lignite combustion. In addition, Table 1 depicts that MMSW
combustion (A) requires a lot of urea to reduce the emission of NOy. Figure 2 shows that CO,
emission levels for combustion of MMSW (A, without CO, from biowaste), lignite (B), natural gas
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Table 2. Impact potential P; of substances according to European Commission (2011).

Acidification (t SO, Particulate matter formation (t PM; Photochemical ozone formation (Gg VOC
Substance equivalent) equivalent) equivalent)
S0, 1 0.54 -
NOx 0.70 0.88 1.22
Cco N/A N/A 0.11
PM;o N/A 1 N/A
vocC N/A N/A 1
(t]
140
130
120
110
100
90
80 -
70
mso,
60
B NOy
50
- EPM10
30 mCO
20
HVOC
10
0 — T
combustion of combustion of combustion of combination of
MMSW lignite natural gas MMSW and
natural gas
(A) (8) ©) D)

Figure 1, Comparison of emissions for functional unit 1TJ of produced energy. Combustion of MMSW (a) produces more emissions
of NOx than combustion of lignite (b) or combustion of natural gas (c). However, direct emissions of PM10 from MMSW are
negligible in comparison to lignite combustion.

(C), and combined combustion of natural gas and MMSW (D) are 68942 t, 102985 t, 62737 t, and
65145 t respectively, for functional unit 1 T] energy output. However, the exact fossil and biogenic
carbon ratio needs to be studied with *C method (Mohn et al. 2008). The levels of the indicators in
Figure 2 show that combustion of MMSW (A) exceeds the combustion of lignite (B) in the categories
of acidification and photochemical ozone formation. Surprisingly, in the category of particulate
matter formation, it is observed that the impact indicators are similar for both types of combustion
(A) and (B), even though MMSW combustion results in negligible direct emissions of PM10. This
can be due to the minor contribution (12%) of PM10 to total particulate matter formation whereas
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[index, combustion of lignite (B) = 100%]
250

e 0.0991 t VOC eg.

0.0712 t S0O2 eq.

0. 1269t PM10 eg.
150
1.147) 65 03t 102 935 t co2 1141t
100 [ /
By s

Energy from Material Particulate  Acidification Photochemical Nonmetal
fossil fuels  consumption matters ozone wastes
formation formation
B combustion of MMSW (A) B combustion of lignite (B)
@ combustion of natural gas (C) O combination of natural gas and MMSW (D)

Figure 2. Comparison of environmental impact indicators values for combustion of MMSW (a), lignite (b), natural gas (c) and
MMSW with natural gas (d). Graph shows that indicator of particulate matters formation is lower for MMSW then for lignite
regardless of higher emissions of NOy (precursor of PM10). Combination of MMSW with natural gas in the case MMSW with natural
gas proved to be a good solution compared to lignite combustion. Wastes were 98.7% of value of material consumption category
by MMSW. Functional unit is 1 TJ of produced energy.

the major contributions come from secondary particulate precursor pollutants such as NOy (53%),
SO, (22%), and NH; (12%) (https://www.eea.europa.eu/data-and-maps/indicators/emissions-of-
primary-particles-and-1/emissions-of-primary-particles-and-1). The present study shows that it is
possible to achieve a reduction in overall indicator values by combining waste incineration with
natural gas (D). This is in agreement with a previous study, which has shown that combined
combustion cycles between solid fuels (biomass or MSW) and high-grade fuels (gaseous or liquid)
could increase electrical efficiency from 3 to 10% points depending upon ditferent mode of operation
(Petrov 2005). Also, another study on power plant configuration combining municipal solid waste,
and gas turbines or landfill gas engines has shown that the thermodynamic efficiency can be as high
as 30% for the MSW portion of the fuel and 50% for natural gas part (Ribeiro and Kimberlin 2010).
Furthermore, the study also proposes to replace the natural gas by landfill gas or gasified ethanol or
biodiesel (Ribeiro and Kimberlin 2010).

It should be noted that current development of MMSW incinerators may cause complications in
terms of fulfilling directive on reducing national emissions of certain atmospheric pollutants in case
it replaces other energy sources that fulfill the current BAT (Marousek et al. 2017, 2018). When
assessing BAT, the entire heating system of the city should be considered, since there are two
possible scenarios with equivalent results: (1) the UHS operator will invest in better cleaning of
emissions in the process of waste incineration; (2) the UHS operator will combine waste with more
environmentally friendly fuels (for instance NG, biogas, plant biomass). In addition, in the case of
(1) the UHS operators should expect increased emission cleaning costs in the future. The current
situation may change the rapid development of pyrolysis of MMSW (Dong et al. 2018) or newer
waste-to-energy technologies.
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Conclusions

According to the results stated above, replacing lignite with MMSW in heating plants may
cause an increase in NOx emissions from energy production (approximately 58%), although the
waste incinerators meet the BAT requirements. The value of the indicator of particulate matter
formation in the case of MMSW combustion (A) is similar to lignite (B), because the genera-
tion of direct emission of PM10 was negligible in the case of MMSW combustion (A).
Compared to lignite combustion (B), NOx emissions from MMSW combustion (A) cause
a larger value of the acidification indicator (approximately by 50%) and photochemical ozone
formation (approximately by 60%). Indicator values similar to lignite combustion (B) can be
achieved by combining natural gas with MMSW (D). Technical and economic options to
reduce emissions of NOy in the case of MMSW combustion (A) should be the subject of
further research. In addition, in the case of MMSW combustion (A), it was found that the value
of the GWP indicator is comparable to natural gas combustion (C) because of a low share of
biomass waste in municipal solid waste in the location of assessed MMSW combustion heating

plant (Czech Republic).
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The present research is focused on built-up area (BUA) monitoring. The continental landscape is becoming a limited resource
in today’s world, much the same as some materials and energy resources. The goal was to design simple indicators that are
compatible with environmental indicators used in the analysis of material and energy flows. We have consequently proposed
the indicators BUA per person and gross domestic product (GDP) demands for total BUA. We have used these indicators
to evaluate the development in the Czech Republic and the situation in the EU-27 countries. The development in the Czech
Republic shows a moderately smooth decrease in the BUA per person indicator value. The GDP demands for BUA indicator
showed that the cessation of economic growth after 2008 slowed the process of decoupling of GDP from the BUA. Despite the

low GDP in the Czech Republic, the indicator GDP demands for BUA attains lower values than for Austria or Belgium.

land use changes, land occupation, decoupling

DE GRUYTER
OPEN

INTRODUCTION

The relationship between the environmental and
the socio-economic sphere has been the subject of
research over several decades (Boulding, 1996;
Meadows, 1972). The aim of a sustainable economy
is to achieve a situation in which the environmental
burden is decreasing and the quality of life is increas-
ing (Jenkins, 2002). So-called decoupling, which
monitors the separation of the index curves of the
environmental burden and economic growth, is used to
evaluate the impact of a state’s socio-economic system
on the environment. The indicators domestic material
consumption (DMC)/gross domestic product (GDP)
and Energy demandingness (intensity) of the national
economy (Energy/GDP) are commonly used. View of
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the landscape as a limitless resource that should be
utilized effectively, is still missing.
Garcia-Olivares, Solé (2014) have come
to the conclusion that world economic growth will
encounter insufficient natural resources and world
eco-system capacities this century and that new meas-
ures for sustaining the current quality of life must be
sought. For example, the quality of life should not be
conditioned on the consumption of natural resources.
A transition from capitalism to a symbiotic economy
is consequently appropriate according to the authors.
There are a number of indicators for the quality of
life (Glatzer,2012), and GDP is used to determine
decoupling (Kovanda, Hak,2007). However, GDP
is frequently misused and gives a distorted picture of
the true quality of life when not used in combination
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with social or environmental indicators (Giannetti,
2015).

Knowledge of material flow indicators, particularly
domestic material input — DMI (also recommended by
the OECD (OE CD, 2002)), is used to express the
environmental burden in relation to the consumption
of resources, but DMC is also suitable for this purpose
(van der Voet etal, 2005). There is a range of
indicators for comparing environmental burden in rela-
tion to economic growth, which are based on changes
in biodiversity, the potential for global climate change,
material and energy inputs or pollutant emission outputs
(UNEP, 2011; von Weizsdcker etal, 2014).
Development of the indicator for environmental burden
based on changes in land use is currently in its initial
stages and there is insufficient world data for it, in
spite of the fact that it would be a very significant
indicator (van der Voet etal.,, 2005). Only the
global area of agricultural soil and the European BUA
has been established (van der Voet etal, 2005).
The only comprehensive European environmental
economic analysis based on knowledge of the BUA
was realized in Germany and examines changes be-
tween the situation in 1993 and 2001. The economic
productivity of BUA, which were further divided into
individual economic sectors, was examined. The most
productive sector was other services with EUR 191
million per km? of BUA, while the least productive
sectors were agriculture, forestry, and fishing (EUR 6
per km?), land transport (EUR 18 per km?) and branch
recreational, cultural and sporting services (EUR 28
per km?). The average was EUR 98 perkm? (Schoer
et al., 2003). There is already data about the BUA in
EU-27 countries for 2009 and 2012. Unfortunately,
changes were made to the methodology used to report
the BUA in EU countries between 2009 and 2012, so
it is not currently possible to compare data from these
years (Eurostat, 2014a).

We were guided to propose a new decoupling indi-
cator by the following problematic phenomena linked
to the increasing area of build-up in the landscape: (1)
the permanent reduction of ecologically valuable areas
and the area of agricultural land in EU countries; (2)
the growing amount of material stock in the socio-
economic system; (3) the high consumption of energy
in relation to the operation of buildings.

The first reason for BUA monitoring is a perma-
nent reduction of the area of agricultural land and
ecologically valuable areas in the EU. Occupation of
land by buildings is usually of a permanent character.
Ongoing urbanization and the consequent expansion
of infrastructure in the countryside mean permanent
loss of farmland in Europe (Stoate etal., 2009). The
economic tools and policy for the protection of agri-
cultural land have also been criticised in all American
states (Nelson, 1990; Thomson, Prokopy,
2009). Decoupling between the loss of agricultural
land and economic growth was analyzed in relation
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to the area of Beijing in China, where a rapid increase
in BUA has occurred. Between 1995 and 2000 there
was positive decoupling between economic growth
and BUA increase curves, but decoupling of these
curves reached negative values between 2000 and
2005. Mainly the actual area of the city had grown
until 1995 and the growth of rural settlements was
predominant between 1995 and 2000. Non-settlement
BUAs, which primarily mean roads, railways, and other
infrastructure servicing new development areas, were
predominant after 2000. The study also shows that
the fact that insufficient infrastructure, which must
be constructed subsequently, causes loss of farm land
and other negative phenomena linked to development,
as well as significant economic losses, must be taken
into consideration during the period of growth of set-
tlements and other structures (Song, 2014).

Moreover, the increase in the BUA also has a broad
negative impact on the environment. A large per-
centage of buildings and structures are made up of
impermeable surfaces, which negatively affects the
hydrogeological regime of landscape (Rougé, Cai,
2014), particularly locally in urbanized areas, such as
the area surrounding Prague in the Czech Republic
(Dvofak, 2012). Water drainage in densely devel-
oped areas is also accelerated by surface water drains
in streets (Miller etal., 2014). There is also a clear
negative impact on water ecosystems (Alberti et
al., 2007; Wenger et al., 2009). Urbanization of
areas also has a negative impact on climate change
(Kalnay, Cai, 2003).

Material flow analysis (MFA) should include ma-
terial flow, energy, landscape, information, and live
organisms. Soil in particular is a resource which is
difficult to renew and landscape area may also be an
important resource (Brunner, Rechberger,
2004).

Life-cycle analysis (LCA) includes the quantifica-
tion of material flows, energy flows, and landscape
changes in the system being studied. LCA is very
good at expressing the occupation of the landscape
(in contrast to changes in the use of the landscape).
Occupation is expressed as the area of occupied land
multiplied by the period of the land occupation. After
finishing the occupation of the landscape, a period of
renewal follows. The determination of the impact of
changes on the use of the landscape is of significant
importance for LCA studies, although there is no unified
method, not even on the level of the United Nations
Environment Programme (UNEP LCA Initiative).
The whole issue is complicated because the impact of
anthropogenically caused changes in the landscape is
manifested very differently depending on local condi-
tions. It can also be assumed that some changes to the
landscape have a negative impact after many years
from the time of the intervention (M1la 1 Canals
etal., 2007). The ecosystem damage potential (EDP)
indicator is based on the period of soil regeneration.
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During occupation of land by buildings and build-ups
in a climax forest growth area (e.g. a greater part of
Central Europe) this period is determined as a thou-
sand years. During the occupation of agricultural land,
this period of renewal is determined as the difference
between the duration of succession on such occupied
land and the period of 1000 years. It is therefore bet-
ter to occupy as little of the landscape for the longest
possible period rather than to occupy a greater area
for a shorter period (Koellner, Scholz, 2008).
The repeated use of brownfields, particularly when
this concerns former industrial complexes in areas
with lower population density, is also another major
issue (Frantal etal., 2015).

The second reason for BUA monitoring is the grow-
ing amount of material stock in the socio-economic
system. The DMC indicator is used most frequently in
the EU for the analysis of material flows on national
levels. DMC characterizes the environmental burden by
the annual consumption of materials. DMC expresses
the consumption of all types of material within a coun-
try and is composed of domestic applied extraction
and the difference between imported and exported
goods and material (European Union, 2013).
Some of the input material, mainly fossil fuels and
biomass, remains in the socio-economic system for a
very short period, while other groups include material
which can be used over the long-term or repeatedly,
particularly metals and non-metallic minerals used in
buildings. These long-term utilisable materials make
up approximately 40-60% of DMC, in EU countries
metal (gross ores) and non-metallic minerals comprise
an average of 52% DMC in the EU (European
Union, 2013).

Net additions to physical stock (NAS) were ap-
proximately 60% in proportion to DMC for the Czech
Republic between 1993 and 2000 (S¢asny et al.,
2003). Most stock is placed in build-up, which chiefly
includes buildings, transport, and other infrastruc-
ture (Fishman et al., 2014). Stocks of material in
build-up can be executed by two methods: conversion
of low-rise buildings into high-rise buildings or the
development of a larger landscape area. Total material
stock was calculated for Japan and the USA, where it
is currently approximately 310 t and 375 t per person,
respectively. It can be assumed that total material stock
will not increase very much in these countries in the
future, because the quantity of material for build-up
will remain the same as the amount of material for
demolition around the year 2035 (Fishman et al.,
2014). Ideally, a large part of the materials should be
used long-term and subsequently used repeatedly within
a closed material cycle. The average period for which
non-metallic minerals remain in the socio-economic
system is 50 years (Fishman etal., 2014).

In the case of a sufficiently large amount of stock,
non-metallic minerals could remain in the economic
system and this would reduce the need for the ex-

traction of new minerals. In the Czech Republic, the
cyclical use of non-metallic materials is only 5.28%
(Kovanda,2014), compared to Japan where the cycli-
cal use of non-metallic minerals is 17.76% (M inistry
of the Environment — Government of
Japan, 2013).

Third reason for BUA monitoring is that operation
of buildings usually requires a significant amount of
energy. The estimated growth in energy used by resi-
dential buildings is increasing and an average increase
by 0.6% per year is expected for 2000-2013 in the EU
(Capros etal., 2008); residential buildings in the EU
have various levels of energy consumption depending
on the type of building and local climate. Averages
are 144.1 kWh m~2 in Denmark, 108.4 kWh m~2 in
Greece, and 261.1 kWh m—2 in Poland (Balaras et
al., 2007). Heating makes up nearly 70% of energy
consumption, heating hot water 14%, and nearly 12%
of energy consumption in households is for lighting
(Balaras et al., 2007). Air-conditioning systems
in buildings are also a major source of energy con-
sumption in towns. The percentage of air-conditioned
buildings in the EU is growing constantly, resulting
in rising electricity consumption for air-conditioning
(Hitchin etal., 2015). Residential buildings in the
EU consume over half the energy, but public buildings
also have high energy consumption; in Great Britain
the rate is 19% (Gul, Patidar, 2015). A Swiss
study seeking links between the age of buildings and
energy consumption shows that buildings aged between
40 and 100 years have the highest average energy
consumption, new buildings up to 20 years of age
and buildings which are approximately 140 years old
have the lowest energy consumption (Aksoezen,
2015). A number of studies also point out the link
between CO, production and high CO, values — the
equivalent to energy consumption by buildings (e.g.
Junnila, Horvath,2003;Gaglia etal, 2007;
Gustavsson, Joelsson,2010;Cellura etal.,
2013; Radhi, Sharples, 2013).

As is apparent from many sources, it is important
to find ways of quantifying landscape occupation and
land use changes with methods similar to material and
energy flow analysis. New methods for assessing the
impact of economic activities on land use change are
developed in the life cycle analysis. We see a sub-
stantial deficit of scientific interest in macroeconomic
analysis at the national level. Indicators for annexation
and changing land use the same as appropriate policy
measures for landscape protection as part of sustain-
able development are missing. We believe that future
development of knowledge and statistical methods will
bring about the possibility to use objective indicators at
the national and international levels. Finding methods
for assessing the land occupation by construction is
therefore the first step.

The goal of this work was a graphic portrayal of
the decoupling between economic growth and the

144 SCIENTIA AGRICULTURAE BOHEMICA, 48, 2017 (3):103-111

Unauthenticated
Download Date | 10/5/17 7:45 PM

108



environmental burden linked to BUA in the Czech
Republic, and, simultaneously, a comparison of the uti-
lization of BUA in individual countries in the European
Union. This is the reason for the proposal of suitable
indicators which would enable the achievement of the
goals above and simultaneously enable monitoring of
the issue in the future. It was also necessary to verify
whether the EU-27 countries with a greater percentage
of BUA had lower economic demands on the BUA
and were therefore capable of suitable utilizing their
limited free landscape resources. Hypothesis is that
countries with a higher proportion of developed areas
will have smaller demands of GDP to BUA.

MATERIAL AND METHODS

Study area

The development of the situation concerning BUA
and the relevant decoupling from economic growth
were assessed in the Czech Republic between 2000
and 2012.

Values from the Czech Republic and values from
the EU-27 countries were compared for 2012.

Source data and their processing

Data on the BUA in the Czech Republic were taken
from the reports of the State Administration of
Land Surveying and Cadastre (2014) com-
piled by the Czech Environmental Information Agency
(CENIA) (CENIA, 2014). The State Administration
of Land Surveying and Cadastre obtains data from the
registry of areas and detailed cadastral maps. Data on
the BUA in the Czech Republic are available from the
year 2000, but the methodology used to obtain them
was modified in 2005.

Data on the population in the Czech Republic
collected by the Czech Statistical Office (CZS O,
2014) and data on the development of the GDP in
constant prices in 2010, processed by the Centre for
Environmental Issues at Charles University in coopera-
tion with the CENIA (CENTA , 2014) for the purpose
of calculating the economic demands of material and
energy consumption, were used for analyzing the de-
velopment in the Czech Republic. Concerning data on
the EU countries, data on the BUA were derived from
Eurostat (Eurostat, 2014b). The aim of the Land
Use/Cover Area frame Survey (LUCAS) is to gather
harmonized data on land use/cover and their changes
over time. The land cover and the visible land use are
classified according to the harmonized LUCAS land
cover and land use nomenclatures. The data are sup-
plemented by ficld survey with over 500 field surveyors
on 234 561 points visited in-situ. A pilot survey was
conducted in 2006, and detailed investigations were
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carried out in 2009 and 2012. Further information will
be available for the year 2015 (Eurostat, 2015).
Data on the European population were derived from
Eurostat (Eurostat, 2014c).

Data on the GDP calculated according to the pur-
chasing power standard (PPS) in individual countries
(Eurostat,2014d) were used to analyze the situation
and make comparisons of the EU-27 countries. The
used data from Eurostat are valid for 2012.

Proposal of indicators

We proposed and tested several options for the
calculation of indicators: BUA per person and BUA
input per year, and the subsequent graphic portrayal
of decoupling BUA from economic growth. Input
data for the Czech Republic and the EU are taken
from publicly available sources. All procedures
can be repeated in the future for the calculation of
development indicators.

BUA per person. The BUA is expressed in m? per
person to enable monitoring of the development within
2000-2012 in the Czech Republic and make com-
parisons with the EU-27 countries for 2012. Because
CENIA uses a different methodology than Eurostat
for determining BUA, the information for the Czech
Republic may slightly differ in the comparison of the
EU-27 countries.

BUA input per year. The land area input for
buildings per year in the Czech Republic indicator is
expressed as the annual changes in BUA in ha. The
period between 2006 and 2012 was chosen because
CENIA did not change its methodology for determin-
ing BUA during this period. The development of the
indicator can be expressed using index values, with
the first year representing 100%. The indicator was
compared with the development of DMC. It must be
mentioned that all BUAs simultaneously enter the
total system stock.

GDP demands for BUA. The GDP demands for
BUA (economic demands for BUA) for the Czech
Republic are expressed by means of the total BUA
and annual GDP in Czech crowns (CZK) in constant
prices for 2010. This is based on the assumption that
BUA can be utilized repeatedly. This is a fundamental
difference to the method for determining the DMC/
GDP indicator, because this only expresses the annual
consumption of materials and cannot include stock.
The development of decoupling can subsequently be
graphically portrayed using index values. The devel-
opment was expressed for the periods 2006-2012 and
2000-2012. However, this portrayal is encumbered
by the modification of the methodology for data
compilation by the CENIA Agency. GDP expressed
in PPS was used for the international comparison of
the EU-27 countries. The unit is m? per CZK 1000
for the Czech Republic and m? per 1000 PPS for
the EU countries.
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Table 1. Annual changes to build-up area

Year 2006 2007
Change in area (ha) 116 380

Development of indicators

100 310
(index 100%=2006)

2008 2009 2010 2011 2012
359 194 239 325 109
284 161 193 258 88

The development of the indicator was graphically
expressed using index values, with the first year (2000
or 2006) representing 100%.

RESULTS

Source data and calculated detailed data on the
development in the Czech Republic are shown in
Appendix 1 table, while source data and detailed
statistics for the EU-27 countries are presented in
Appendix 2 table.

BUA and build-up per person. In 2012, the BUA
in the Czech Republic was approximately 1318 km?.
The development of BUA in the Czech Republic is
depicted in Fig. 1 (values of the total BUA are shown
in Appendix 1). After 2005, the number of inhabitants
in the Czech Republic increased more rapidly than
the BUA, which is why the BUA per one inhabitant
decreased between 2005 and 2012, from 127.5 to
125.5 m? (Fig. 2).

There was an average of 130 m? of BUA per person
in the EU-27. Values for individual Member States are
evident from the graph in Fig. 4, values for total BUA
in the EU-27 are shown in Fig. 3 and Appendix 2.

BUA input per year. Land area input for build-up
per year (annual changes in BUA) fluctuates signifi-
cantly in the Czech Republic. Between 2006 and 2013
it ranged between 109 and 380 ha (see Table 1). This
can be expressed by means of the index value, but,
compared to the development of the DMC and GDP
index, this method is not evidential, as is clear from
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memeen B f1-Up area, 0ld method 2000 - 2005

Fig. 1. Development of BUA and population of the Czech Republic

the graph in Fig. 5. To calculate the ratio between land
area input for build-up per year and GDP consequently
makes no sense.

GDP demands for BUA. The GDP demands for
BUA (economic demands for BUA) were 0.368 m?
per CZK 1000 for the Czech Republic in 2012, which
was a worse value than in 2008 (0.360 m? per CZK
1000). The development of this indicator for the Czech
economy is depicted in Fig. 6. Its development from
the year 2000 (Fig. 7) can be projected, but it must be
taken into account that the methodology for determin-
ing the BUA was modified in 2005.

The EU-27 countries had an average GDP demands
for BUA value of 5046 m? per 1000 PPS for 2012.
Bulgaria and Cyprus achieved the highest values with
11 708 and 11 450 m? per 1000 PPS, respectively.
Precise numbers for the EU-27 countries are given in
Fig. 8. A comparison of individual EU countries shows
significant differences in the effective utilization of
BUA. This type of indicator is consequently suitable
for the international comparison.

The results indicate that even the countries with
a high percentage of BUA and consequently limited
free landscape resources frequently have high GDP
demands for BUA (Fig. 9). Correlation between the
share of BUA in the total area of the country and the
GDP demands for BUA was not detected (» =—0.048).

Summary results. In the EU-27 countries, the aver-
age BUA per person was 130 m? for 2012. The BUA
per person was below-average in the Czech Republic
(118 m?), on level with Germany (114 m?) and Poland
(114 m?). An interesting result is that after 2005 the
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Fig. 2. Development of BUA per person in the Czech Republic
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population in the Czech Republic increased more rapidly
than BUA, so the BUA per person actually decreased
between 2005 and 2012 by more than 2 m2. The largest
BUA per person was in Cyprus (268 m?), Austria (212
m?), Portugal (202 m?), and Belgium (196 m?). The
total value of BUA was not significant by Cyprus (231
km?). The smallest BUA per person was in Slovenia (77
m?), the United Kingdom (92 m?), and Latvia (92 m?).

The average GDP demands for BUA in the EU-27
countries for 2012 calculated according to the purchas-
ing power standard (PPS) were 5.05 m? per PPS. The
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Fig. 5. Development of land area input for build-up per year, domestic
material consumption (DMC), and gross domestic product (GDP)
indicators
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Fig. 4. BUA per person in the EU-
27 countries
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Czech Republic had above-average GDP demands for
BUA (5.66 m? per PPS). The highest demand values
were in relation to Bulgaria (11.71 m?), Cyprus (11.45
m?), and Portugal (10.34 m?). The absolutely lowest
GDP demands for BUA were in Luxembourg (1.93
m?), and the following countries had below 4 m? per
PPS: Holland (3.20 m?), the United Kingdom (3.44
m?), Germany (3.56 m?), and Slovenia (3.59 m?).
Portugal was among the countries with high values for
both indicators (BUA per person and GDP demands
for BUA), with the total BUA 2120 km?).
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Fig. 6. Development of BUA, gross domestic product (GDP), and GDP
demands for BUA in the Czech Republic (2006-2012)
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Fig. 7. Development of BUA, gross domestic product (GDP), and GDP
demands for BUA in the Czech Republic (2000-2012)

DISCUSSION
Interpretation of the results

The growing BUA in the Czech Republic has a
major impact on the key ecological function of the
landscape. Utilization of the area for build-up and
infrastructure may also be considered as the utiliza-
tion of natural resources.

In spite of the fact that the percentage of the BUA
in the total area of the Czech Republic is increasing,
development of the BUA per person indicator shows
a slump in BUA per person in recent years because
the population is growing faster than the BUA. This
evidences that the landscape can be considered a natural

14,00

resource which is being exhausted in relation to the
growth of population, not only in the Czech Republic.
It is important to mention that the percentage of free
areas fulfilling key ecological landscape functions
is also falling because of build-up (buildings). The
average value of the BUA per person indicator in
individual EU-27 countries differs significantly. This
indicator can be used to compare the environmental
burden resulting from the use of build-up in the same
manner like a number of material and energy inputs
and also harmful pollutant outputs are compared on
the level of the EU today.

Development of the land area input for build-up
per year indicator for the Czech Republic shows large
year-on-year differences in changes to the BUA. The
same methodology was chosen as the methodology
used for the evaluation of the now standard annual
DMC. There is probably a link between the develop-
ment of this indicator and the development of the
DMC indicator. A significant part of DMC is materials
used in build-up.

Development of decoupling between the BUA
and GDP using the GDP demands for BUA indicator
results in changes to GDP values in particular, while
the BUA in the Czech Republic increases constantly
at a relatively slow rate. In practice, this means that
relative decoupling can only achieve positive values
under the condition of a significant GDP growth. An
international comparison shows countries which have
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a sustainable BUA. The circumstances of future energy
consumption by buildings and infrastructure and the
need for repairs and maintenance are also significant.
It could be assumed that poorer EU countries with a
high percentage of agriculture (e.g. Poland) will have
greater BUA per person and greater economic demands
for BUA, but the international comparison shows that
this does not have to be true. For instance, Poland has
a below-average BUA per person and slightly above-
average GDP demands for BUA comparable e.g. to
Austria, Slovakia, and Belgium. If we consider that
Luxembourg has an average BUA per person of 131
m?2, it has enormous economic efficiency in relation
to the utilization of the BUA. In contrast, on the basis
of the values of both indicators, countries such as
Bulgaria, Cyprus, and Portugal can expect problems
in the future in the field of maintenance of buildings
and also energy supply with all the related impact on
the landscape and the environment.

Evaluation of the proposed indicators exploitability

The results show that the BUA per person indicator
is suitable for year-on-year or international comparison
and the GDP demands for BUA indicator is suitable
for the development of decoupling. In contrast, the
land area input for build-up per year indicator has
been shown to be unsuitable.

The landscape is a key resource together with ma-
terials and energy, however the established method for
monitoring the annual material and energy consumption
does not seem to be usable in the case of the occupa-
tion of land. A certain relationship becomes apparent
during the comparison of land area input for build-up
per year with development of DMC, for instance the
fall in 2008 and 2009 and growth in 2011 and the
repeated fall in 2012, In contrast, development of the
DMC and land area input for build-up per year indica-
tors differed in 2010. This indicator shows significant
fluctuation year-on-year and its curve is very uneven.

We are convinced that the industrial and post-
industrial economy in Europe creates a significant
percentage of the profits from BUAs, and this is also
demonstrated by the aforementioned German BUA
Productivity study (Schoer etal.,2003). However,
the BUA is used long-term in contrast to some materials
comprising DMC (e.g. fossil fuels or biomass). The
duration of their use is much longer than the period
the actual build-up materials remain in the economy
(particularly non-metallic minerals). For this reason
we believe that the total BUA, i.e. the GDP demands
for BUA indicator, is more suitable for indicating
decoupling. Unlike DMC, the total BUA does not
decrease during the cessation of economic growth. It
is difficult to imagine that buildings and infrastruc-
ture would be intentionally demolished during the
cessation of economic growth and, furthermore, the
removal of buildings from the landscape does not
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automatically mean a reduction of the environmental
burden, as stated by Mila i Canals etal. (2007)
and Koellner, Scholz (2008), because the pe-
riod of restoration of a BUA into a climax condition
takes up to 1000 and more years. On the other hand,
we are aware of cases from Czechoslovak history
when land use and land cover changed significantly,
particularly in the Czech border area around the Iron
Curtain (Sklenicka etal., 2014). The displacement
of the German population after the Second World War
and the subsequent demolition of settlement structures
linked to protection of the border zone around the Iron
Curtain (Kovatik, 2009) caused gradual succession
at sites and the expansion of the forested area in border
mountainous regions (Bic¢ik etal., 2001). We must
mention that the abandonment and extinction of set-
tlements and the demolition of buildings was linked
to the displacement of a great number of inhabitants,
and so this pathological historic phenomenon would
not have had a positive effect on the development of
the indicators we proposed. The period of succes-
sion following BUAs, i.e. 1000 years according to
Koellner, Scholz (2008), may, however, be
disputable. In spite of the fact that today’s landscape
in the Czech Sudetenland still bears traces of prior
settlement and the growth structures are not consistent
with the climax stage, many areas were naturally or
artificially re-forested after the removal of structures
(Rolkova, 2009).

The other aspect of the indication of decoupling
— GDP — may also be an issue for discussion. For the
purpose of international comparison, we used GDP
expressed as so-called purchasing power standard
(PPS) as calculated for individual countries by Eurostat
(2014e). Even though there are a number of indicators
for prosperity other than GDP (Giannetti, 2015),
we did not consider their use because research results
would not have been compatible with current methods.
Another disadvantage in using GDP, particularly for
long-term analyses, are changes in currency exchange
rates over time and changes to the composition of the
consumer basket for determining PPS (Deaton,
Dupriez,20ll; Beckmann, 2013).

The disadvantage of the proposed indicators is that
they take into account only the BUA. Development of
indicators can be expected to include artificial surfaces
(buildings, infrastructure and other construction, min-
ing and other areas) and also other minor damage to
the landscape in relation to agricultural production.

CONCLUSION

The present survey results for the Czech Republic
show that the BUA is growing constantly in spite of
the fact that GDP has been very low in recent years. In
spite of falling annual DMC, the environmental burden
is increasing in the form of BUA. If this development
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continues, it would be appropriate to re-evaluate the
current soil protection policy before this soil is per-
manently occupied by build-up.

Suitable methods for the comparison of the environ-
mental burden posed by BUAs are methods utilizing
total BUA, because the area is utilized repeatedly and
over the long-term. This fact is in conflict with routine
methods for evaluating the use of natural resources
on the level of the European Union, chiefly material
demands for GDP.

We recommend that the indicators BUA per person
and GDP demands for a BUA be included among the
present Key environmental indicators in group: Soil,
landscape and agriculture. The initial hypothesis was
not confirmed. It seems that share of BUA in the total
area of a country and GDP demands for a BUA are
independent.
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ENERGY CONSUMPTION FOR COAL AND LIGNITE MINING AND
TREATMENT IN THE CZECH REPUBLIC

Jaroslav Dvorak!
Prof. Zderika Wittlingerova'
Kamila Bicanova'

! Faculty of Environmental Sciences, Czech University of Life Sciences Prague, Kamycka 129,
Praha 6 — Suchdol, 165 21, Czech Republic

ABSTRACT

Black and brown coal is mined in the Czech Republic. Until 2008 there was also mined
lignite. The aim of the study was to determine the energy balance of mining and
processing of coal. Results are important for material and energy flow analysis and Life
cycle impact assessment in related industries and public energy production. Energy
efficiency of extraction was calculated for underground black coal mining, underground
mining of brown coal, surface mining of brown coal, lignite surface mining, and
treatment of various types of these fuels. Aggregated national data was used to calculate
the efficiency. The results show the values for the whole Czech Republic for the years
1988 - 2011 (to 2008 for the lignite). No significant trend was found in the consumption
of energy in coal mining, except low quality lignite mining until 2008. Energy
efficiency of coal extraction was 99.37% for black coal, 99.48% for brown coal (both in
2011) and 97.60% for lignite (in 2008). Energy consumption for mining of coal over the
was changing during the reporting period. After 2000, significantly increased energy
consumption for coal treatment, especially heat consumption.

Keywords: power production; material and energy flow analysis; energy efficiency of
mining; fossil fuels

1 INTRODUCTION

In the Czech Republic the approximately 15 million tons of black coal and 45 million
tons of brown coal per year. This is significantly less than in 1988, when it benefited
some 25 million tonnes black and 90 million tonnes of brown coal. Until 2008 the
Czech Republic also benefited lower-quality lignite (hereinafter referred to as lignite),
whose production declined from 2 million tonnes per year in 1988 to 0.4 in 2008 [1].
Development of coal mining shows a graph in Figure 1 below.
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Figure 1: Coal and lignite mining in the Czech Republic in 1988 - 2011 (data from the
Czech Statistical Office).

The vast majority of the coal is used mainly in the production of energy, in the Czech
Republic is produced about half of electricity from coal, in central heating systems in
Czech cities is the situation similar. Greece has similar energetic production system
based on brown coal consumption, a significant share of brown coal has also Germany,
but other countries are burned mostly black coal and other resources [2]. A number of
LCA studies deals with the efficiency of coal mining and processing in terms of loss of
natural resources. Analysis of the product system was carried out in a power plant
burning coal in suspension in a fluidized bed. This study shows that 1.4% of total
energy losses in coal mining, 0.1% coal transportation, 2.9% treatment of coal and 95%
of energy loss is caused by combustion in a power plant [3]. The basic result of the
consumption of non-renewable resources is their scarcity in the future while increasing
energy demands of their mining [4]. The efficiency of fossil fuel mining is a key
indicator of depletion of natural resources. The aim was therefore to monitor the
development effectiveness of different types of coal mining in the Czech Republic since
the central management of the economy and during a market economy after the recent
global economic crisis. The efficiency of coal processing was monitored also.

2 METHODS

Analysis of the energy efficiency of mining and processing of various types of coal was
carried out using the methods for the analysis of material and energy flows (MEFA) [4,
5]. System Boundaries has been set for the economic system of the Czech Republic.
Data from the Czech Statistical Office was used to calculate efficiency [1]. Energy
consumption has been calculated in MJ per metric ton of coal produced for the
following activities: underground black coal mining, underground brown coal mining,
brown coal surface mining and lignite surface mining in 1988 - 2011. Efficiency
calculation was based on the gross calorific value. The average calorific value of coal in
the Czech Republic in 2011 was, according to the Czech Statistical Office, 25.8 GJ/t for
black coal, 12.3 GJ/t for brown coal and 9.5 GJ/t for lignite [1].
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3 RESULTS
3.1 Black coal
3.1.1 Underground mining

Energy consumption for black coal underground mining was 187 MJ-t' in 2011, the
lowest was in 2010 (137 MJ-t1), the highest in 1992 (439 MJ-t"!). Development and
proportion of energy consumption on coal mining shows a graph in Figure 2.

g @ Fuel
H =0 consumption
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o Heat
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Energy consumption for mining

Figure 2: Energy consumption for black coal mining in the Czech Republic (MJt'1).

3.1.2 Black coal treatment

The energy consumption for black coal treatment was 42 MJ-t' in 2011, the lowest was
in 1988 (23 MJ-t"), the highest in 1995 (129 MJ-t"). Development and proportion of
energy consumption in the treatment of coal shows a graph on Figure 3.
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Figure 3: Energy consumption for black coal treatment in the Czech Republic (MI-t1).

3.2 Brown coal

3.2.1 Underground mining

Energy consumption for brown coal underground mining was at its lowest in 2011 with
35 MJ-t!, the highest in 2008 (254 MIJ-t'). Development and proportion of energy

consumption on coal mining shows a graph in Figure 4.
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Figure 4: Energy consumption for brown coal underground mining

in the Czech Republic (MJI-t1).
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3.2.2 Surface mining

The energy consumption for brown coal surface mining was 64 MJ-t! in 2011, the
lowest was in 1988 (61 MJ-t"'), the highest in 1993 (105 MJ-t!). Development and

proportion of energy consumption on coal mining shows a graph in Figure 5.
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Figure 5: Energy consumption for brown coal surface mining
in the Czech Republic (MI-t1).

3.2.3 Brown coal treatment

The energy consumption for brown coal treatment was 80 MJ-t" in 2011, the lowest was
in 1988 - 1990 (11 MIJ-t"), the highest in 2003 (192 MIJ-t'). Development and
proportion of energy consumption in the treatment of lignite shown in the graph on

Figure 6.
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Figure 6: Energy consumption for brown coal treatment in the Czech Republic (MJ-t!).

33 Lignite

The energy consumption for lignite surface mining methods was the highest in 2008
(228 MIJ-t"), the lowest was in 1988 to 1989 (80 MI't"). Development and proportion of
energy consumption for lignite mining shows a graph in Figure 7. Fuel consumption
had a significant share of energy consumption for lignite mining (124 MJ - t-1 in 2008).
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Figure 7: Energy consumption for lignite surface mining in the Czech Republic (MI-t'1).

33 The efficiency of coal and lignite mining

The efficiency of coal mining was 99.37%, lignite 99.48% (weighted average of surface and
underground mining) and lignite 97.60%.

4 DISCUSSION

The results do not indicate that along with the depletion of coal natural resources reducing the
efficiency of extraction. The exception was the lignite mining, which discontinued since 2008.
The study can be loaded inaccuracies especially for the years 1988 - 1995, which in some cases,
missing data for the consumption of fuel and heat, but the data on electricity consumption are
complete. The electricity consumption has a major share in total consumption in both types of
coal and lignite mining. Since about half of the electricity in the Czech Republic is produced in
coal-fired plants with relatively low efficiency and other energy loss occurs when the
distribution, is the real efficiency of coal mining process involving the generation of electricity
even lower and can drop to approximately 98.3% for black coal 98.6% for brown coal and
95.4% for lignite. A similar effect would occur even during coal treatment, but there is a
stronger use of heat, which is produced with higher efficiency than electricity. Energy
consumed during coal treatment sharply increased between 1995 - 2000. It can be assumed that
further development of coal mining in the Czech Republic will be influenced by the economic
and social situation and environmental impacts rather then lack of natural resources of coal.
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5 CONCLUSIONS

We found no upward trend in energy consumption for each type of coal mining in the
Czech Republic, with the exception of lignite. The average energy efficiency of coal
mining in 2011 was 99.37% for black coal, 99.48% for brown coal and 97.60% for
lignite (in 2008). Before 2000 there was an increase in the amount of energy consumed
for coal treatment. The study shows that the energy consumption and proportions of
energy inputs for the extraction and treatment of coal has significantly changed over
time. This fact should be taken into account in the analysis focused on industrial
ecology - material and energy flow analysis (MEFA) and life cycle impact assessment
(LCIA).
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1. Introduction

Lead represents a significant source of contamination for the
environment. Lead can be most frequently found in polymetallic
ores, which are composed mainly of lead and zinc and/or copper
sulphides. They used to be accompanied by exploitable amounts
of argent, aurum and a variety of trace elements such as indium,
cadmium or bismuth. Main minerals of the above mentioned ores
are represented by galena and sphalerite, usually together with
pyrite or chalcopyrite (CGS, 2010). Most lead concentrations that
are found in the environment result from human activities, and to a
lesser extent, they come from natural resources (NIPH, 1997). Lead
concentrations in areas not affected by human activities may not
exceed 1 ngm—3 (Bencko et al., 1995).

Incineration processes are the main anthropogenic sources of
lead in the environment. From the contaminated atmosphere lead
then passes on to other environmental media (Cerna et al., 2009).
Gravitational deposition is another important mechanism that bur-
dens the ecosystem with heavy metals, including lead. Lead gets
into the atmosphere naturally mainly through dust, smoke, for-
est fires and sea water aerosols. Lead emissions caused by humans
are approx. 17.5 times higher than the natural emissions (Cibulka,
1991).

Apart from sedimentation, lead gets into the soil from the air
or from leaks from poorly secured waste landfills, as well as from

* Corresponding author. Tel.: +420 607 650 999.
E-mail address: bicanovak@fzp.czu.cz (K. Bicanova).

http://dx.doi.org/10.1016/j.resconrec.2015.02.001
0921-3449/© 2015 Elsevier B.V. All rights reserved.

as such, it is dependent on the import of Pb-containing waste materials and commadities, as well as
reusable waste and secondary raw materials. The process of creating closed-loop material flows of lead
in the Czech Republic achieves adequate levels; considering the idea of so called “recycling society,”
economic activities, such as collection, accumulation, disposal and treatment of waste, should be made
more efficient on an ongoing basis as a part of sustainable consumption and production systems.

© 2015 Elsevier B.V. All rights reserved.

the direct application of sewage sludge and industrial composts
(IPR 2008; Cerna et al., 2009). The concentration of lead in the soil
is directly reflected in its concentration in groundwater (Bencko
et al., 1995). Other sources of lead in the water environment may
be found in wastewater produced during ore processing, colored
metallurgy, battery production or the glass industry (Cerna et al.,
2009).

Environmental and health risks are mainly caused by con-
taminated soil, atmosphere and food (Wang et al, 2009). The
lead-bearing products that are most commonly used are automo-
tive batteries, lead paints, sealing materials, glass for TV screens,
weights, lead pipes for drinking water and lead shots or lead stabi-
lizers in vinyl materials (Tukker et al., 2006).

Tetraethyl lead is another compound that is worth mentioning
as it was used in early model cars as flame retardant to help reduce
engine knocking and boost octane ratings of fuel. This admixture is
being replaced by organometallic compounds of manganese (IPR,
2008).

This element enters the human body predominantly through
respiration or the digestive system. Inside the body it accumu-
lates in the blood, soft tissues, teeth and bones (Mayer and Wilson,
1998). Adverse effects on the human body include, in particular,
the negative effects on the central and peripheral nervous system
and reproductive organs, kidney dysfunction or negative effects
on the cardiovascular system and metabolism of vitamin D. Also,
prenatal and neonatal exposure to lead manifests itself mainly
in the decrease of neurobehavioral and visual-motoric functions
(Lehr et al., 2005). Lead and its compounds may also have carcino-
genic effects since research has confirmed a significant relationship
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between the level of lead in blood >20 p.g/dl and the increased risk
of death due to tumorous illnesses (Silbergeld and Voet, 2003). Evi-
dence exists that even low levels of lead in the human body (below
25 pg/dl) may cause brain damage, so there is almost no acceptable
level for it (Salvato et al., 2003).

Considering its high risk potential, Pb is subjected to strin-
gent surveillance legislation and control mechanisms. Continuous
improvement in the treatment of lead commodities is, among oth-
ers, one of possible ways to an economic growth. According to the
Organization for Economic Cooperation and Development (OECD,
2008), effective treatment methods help reduce negative impacts
on the environment.

Due to the above reasons, the research focuses on the assess-
ment of the overall level of lead handling in the Czech Republic and
the closing of the Pb lead material cycle. The results can then be
used as a basis for the up-date of “The Secondary Raw Materials
Policy of the Czech Republic” (MIT, 2014).

2. Materials and methods

An analysis of the material flows of lead in the Czech Republic
was performed on macro-economic scale for 2011. The analysis
included identification and quantification of Pb resources in the
Czech Republic.

To be able to identify the material flows of lead in the Czech
Republic, a simplified diagram was created, and afterwards, each of
the flows indicated therein has been quantified. The data on natural
deposits of lead are published by the Czech Geological Service (CGS,
2012b). The only direct material inputs are based on the import of
refined and crude lead, Pb-bearing products and waste. There is
no extraction of natural Pb resources being run now in the Czech
Republic. Quantification of these items is based on the data pub-
lished in the External Trade Database of the Czech Statistical Office
(CSO, 2012a), which uses the Harmonized System Nomenclature
(CSO, 2014b) as drawn up by the World Customs Organization (HS)
together with the Combined Nomenclature of the European Union’s
classification (CN) (European Union, 2013).

The Czech economic system relating to the material flows of
lead includes metallurgical production, as well as production of
goods and consumption including stock items. Because of the lack
of available national-scale data, we have used internal data pro-
vided by the companies. One of the key processing capacities is
represented by Company Kovohuté PFibram nastupnicka, a.s. situ-
ated in the Central Bohemian region. The company'’s core business
includes recovery of Pb from waste and the follow-up production of
lead and its alloys, as well as processing of waste bearing precious
metals, or electric and electronic scrap materials for the Central
European region (Kunicky, 2006). The quantification was made for
both Pb components of a blast-furnace charge, including numeri-
cal representation of the lead content, and the resultant production
of refined lead and other by-products or items returnable into the
recycling process.

Calculation of the amount of recycled lead in the blast furnace is
based on the method as defined in Annex Il to the Commission
Regulation (EU) No. 493/2012, laying down, pursuant to Direc-
tive 2006/66/EC of the European Parliament and of the Council,
detailed rules regarding the calculation of recycling efficiencies
of the recycling processes of waste batteries and accumulators.
According to Article 3, section 2 of the above-mentioned Regu-
lation, the said method can be applied to the calculation of the
percentage of recycled lead content for any recycling process. The
amount of recycled lead (Rp;,) obtained from the recycling process
for the purposes of Art. 12, section 14 of the Directive 2006/66/EC is
given as a weight percentage value and determined on the basis of
Pbweightin the output fractions generated by recycling (mpy ourpur)

and by the weight of Pb in the input fraction entering the recycling
process (Mpp input)- Lead contained in slag and matte, and in further
output fraction at the end of the recycling process, is not included
in the calculation.

m
Rpp[Wt%] = % % 100
input

The international company Johnson Controls, Inc., from the
region of Liberec is focused, besides other industrial branches, in
the production of lead automotive batteries. There was no specific
data on the production and consumption available; nevertheless,
information about the production capacity is included in the Deci-
sion on the Integrated Permit Amendment (RALR, 2012). As far as
Pb consumption in the Czech Republic and goods in stock relating
thereto are concerned, the study limited itself to the identification
only because of impossibility of gaining or replacing the data.

Secondary raw materials, waste from production intended for
re-use and waste intended for other ways of recovery were also
subjected to the analysis of the material flows of lead in the Czech
Republic. Secondary raw materials are evaluated due to their rela-
tionship to the Raw Material Policy of the Czech Republic, which
aims to create favorable conditions for the extraction of raw materi-
als from products and materials that have completed their life cycle
for their further processing and use. However, issues concerning of
non-ferrous metals, resp. lead, have not yet been included.

Information for the quantification was obtained from the doc-
ument Generation, Recovery and Disposal of Waste (CSO, 2012b).
To get a clear classification, relevant catalog codes as per Annex 1
to the Decree No. 381/2001 Coll. were added thereto.

Quantification of the outputs is demonstrated by the data on
the export of crude and refined lead, as well as Pb products and
waste, which were searched out in the above mentioned External
Trade Database of the Czech Statistical Office by using the HS/CN
classification (CSO, 2012a). The Statistical yearbook on environ-
ment of the Czech Republic helped quantify Pb outputs into the
environment, namely leaks into water, soil and atmosphere and
Pb transfer through wastewater and waste (MOE, 2013). Based on
the obtained summary data on the inputs and outputs and the dif-
ference between them, a balance of material flows of lead in the
Czech Republic could be established and respective change in Pb
accumulation in the economic system could be determined.

3. Results
3.1. Identification of the material flows

Identification of the material flows of lead in the Czech territory
is documented by a simplified diagram in Fig. 1.

3.2. Material inputs

There is currently no extraction of polymetallic deposits of lead
running in the Czech Republic. The extraction was terminated in
1994. The end product of the extraction process was a Pb-Zn con-
centrate that was used for export purposes since there were no
inland capacities for its processing available (CGS, 2010).

There are eight exclusive registered deposits located mostly in
the Moravian-Silesian region and six exhausted deposits and other
sources in South Bohemia (CGS, 2012a). Reserves that are present
in Czech lead deposits are estimated to reach 152,000 tons (CGS,
2012b).

The major material inputs, including crude and refined Pb as
well as Pb products and waste are imported from abroad (Table 1).
The imported lead quantities totalled to 625,916tons in 2011.
The key items include, among others, unwrought refined lead
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Fig. 1. Simplified diagram of material flows of lead in the Czech Republic.

Table 1

The major material flows of lead in the Czech Republic in 2011 (CSO, 2012a).
Pb inputs Weight?
Import of Pb waste and commodities in total 625,916
Key items thereof (article code/name as per HS/CN)
7801 1000 Unwrought lead, refined 24,669
78019100 Unwrought (crude) lead, containing by weight antimony as the principal other element 7856
780199 90 Unwrought (crude) lead other and lead alloys 3447
8507 10 20 Lead-acid accumulators of a kind used for starting piston engine “starter batteries”, working with liquid 65,373

electrolyte

282490 90 Lead oxides excl. of lead monoxide 4183
7806 00 80 Articles of lead not mentioned or included elsewhere 1193
8548 1091 Waste and scrap of primary cells, primary batteries and electric accumulators bearing lead 33,973
7802 00 00 Lead waste and scrap (excl. of ashes and residues bearing lead) 2770
2 In tons.

(24,669 tons), unwrought lead containing by weight antimony
as the principal other element (7856 tons) and other unwrought
lead and lead alloys (3447 tons). Among the Pb products, the
most important items are lead oxides except of lead monox-
ide (4183 tons), or lead-based products not mentioned elsewhere
(1193 tons). The import of storage batteries reached 77,986 tons in
2011.The highest percentage thereof, with as much as 83.83%, were
electronic lead-acid storage batteries of a kind used for starting
piston engines, working with liquid electrolyte (65,373 tons), and
further 8.27% were electronic lead storage batteries of a kind used
for starting piston engines, with no liquid electrolyte (6447 tons).
Electric lead accumulators (with no liquid electrolyte) (3159 tons)
had a share of 4.05% and lead accumulators with liquid electrolyte
represented 3.86% with 3007 tons and the amount of 0.24 ton went
to spent lead accumulators.

Import of lead waste and scrap (excluding ash and residues bear-
ing lead) reached 2770 tons in the monitored period. The category
of waste and scrap of primary cells, batteries and electric accumu-
lators bearing lead totalled to 33,973 tons.

Fig. 2 shows the shares of the key Pb waste and commodity
import items according to the HS/CN classification.

3.3. The economic system

The economic system of the Czech Republic in terms of material
flows of lead is represented by metallurgical production as well as
production of goods and consumption.

The national statistics, however, are able to provide only a
limited amount of data that had to be made complete by using
additional data from companies. The Companies Kovohuté Pribram
nastupnicka, a.s. and Johnson Controls, Inc. are among Czech
leading lead-processing plants. The Company Kovohuté Pfibram
nastupnickd, a.s. is a metallurgical plant focused on the recycling
of lead-containing waste, in particular lead batteries. They produce
lead and lead alloys, as well as articles made of lead and tin. There
are also waste containing precious metals, as well as electric and
electronic scrap materials processed in the plant (Kunicky, 2006).

In 2011, the company purchased 56,781 tons of raw materi-
als, with 4280tons of lead articles, 5138 tons of sorted batteries
and 14,517 tons of batteries, altogether 42,250 tons of imported
batteries (KP, 2013). During the manufacturing process, lead accu-
mulators and other charge components are charged into the blast
furnace (Kunicky, 2006).
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Table 2
Pb inputs and outputs for the blast furnace in 2011 (KP, 2013).
Item Quantity?® Pb*
Pb components of a charge 65,795 37,096
Key components thereof (item code/name)
S000 13 37 Unbroken accumulators 24,481 14,542
P000 19 38 Acid-free batteries 12,538 8438
S000 13 48 Accumulator cells 6709 4763
S000 13 04 Pieces of lead 2190 2130
Production 58,205 37,068
Key components thereof (item code/name)
P000 06 05 Pb crude AKU 36,179 35,539
P000 06 27 Pb crude AG 441 433
V000 04 91 Matte AKU 7804 379
V000 06 05 Slag to be delivered to dump 2974 55
V000 06 16 Recoverable slag 10,022 214
4 In tons.
78020000 Crude lead obtained from both types of furnaces is then refined
2% with oxygeninthe pyro-metallurgical refining process. The produc-
tion of refined Pb in the Company Kovohuté Piibram ndstupnicka,
a.s. totalled to 38,678 tons in 2011, of them 13,141 tons of soft lead,
78019100 11,734 tons of lead and antimony alloys and 13,803 tons of special
3% alloys (KP, 2013).
78"?;080 78";30”” Another important processing plant in terms of material flows
28249090 of lead in the Czech Republic is the international company Johnson
3% Controls, Inc. In addition to many other industrial branches, the
company’s focus is given to the production of lead-based automo-
tive batteries. The company’s annual production capacity liesat 110
thousand tons of melted lead with a target value of 170 thousand
tons per year (RALR, 2012).
= 78011000 178019100 78019990 m85071020 Quantification of the lead consumption in the Czech Republic
= 28249090 78060080 =85481091 78020000 cannot be made because of lack of relevant statistical data.

Fig. 2. Import of Pb waste and commodities in 2011 (key items). (In percent.)

Table 3

Pb inputs and outputs in the blast furnace in2011 (KP, 2013).
Name Weight Pb?
Blast-furnace charge (mpp input) 37,096
Blast-furnace production (mipy sutput) 35,972

2 In tons.

The lead components charged into the furnace totalled
to 65,795tons, and the lead-bearing components totalled to
37,096tons in 2011. The key components by weight are whole
unbroken accumulators. Lead is reduced in the process of combus-
tion of coke and it flows off of the furnace. The amounts of crude
lead produced in the blast furnace reached 36,620 tons in total with
the Pb content of 35,972 tons in 2011. Other outputs include matte,
slag to be delivered to a dump and flue dust from the leaching pro-
cess, including the other flue dust emissions. Recoverable sludge is
returned back into the production process. The above information
and further data are shown in Table 2.

Calculation of the recycled amounts of lead in the blast fur-
nace was based on the inputs and outputs identified and quantified
above, see Table 3.

The recycled amount of lead in the blast furnace in the Company
Kovohuté Pfibram nastupnicka, a.s. was found to be 97 wt%.

The plant also operates short rotary furnaces that are used for
the melting of some kinds of lead-bearing waste (in particular old
flue dust, oxygen-refining products, purchased waste with high
content of tin, etc.) (Kunicky, 2006).

Production of crude lead in the short rotary furnaces reached
3901 tons in 2011.

The material flow of lead through the economic system is
also represented by secondary raw materials and reusable waste
generated in the production process. Production of the sec-
ondary raw materials totalled 4652 tons in 2011. The amount of
waste actually used was 139tons, of them, 18 tons of lead accu-
mulators, 120tons of lead waste and 0.5tons of batteries and
accumulators coming from separated collection of waste. The
stock items as of January 1st of the reported year (i.e. amount of
waste transferred from previous year), reached 484 tons in total;
the largest portion of this stock consists of lead accumulators
(415 tons). The data with relevant waste catalog codes are shown
in Table 4.

3.4. Material outputs

The outputs from the economic system are represented by Pb
waste designated for disposal and by various dissipative flows of
lead and leaks of lead into the environment as well as export of
crude and refined lead and Pb-containing waste and products.

Data in Table 4 shows that the disposal of lead by combustion
and land filling lies at zero values.

Other methods of the waste recovery includes: sale of waste
as a raw material, deposition of waste as a seal material to secure
landfills, waste recovery for landfill reclamation, export of waste
into EU countries and other non-member countries, etc. There was
altogether 15,315 tons of lead waste operated in such a way during
the monitored period (Table 4).

Quantification of the dissipative flows of lead could not be pre-
pared due to absence of national statistical data. Quantification of
the lead outputs into the environment through the leaks of this
contaminant into the atmosphere, water and soil, and through its
transfer in wastewater and waste for 2011 is shown in Table 5.
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Table 4

Waste operations in the Czech Republic in 2011 (CSO, 2012b), waste catalog (Decree No. 381/2001 Coll.).

Code Type of waste Generation® Of that operations at the waste originator?
R” D Of that Other methods Of that
Landfilling Combustion Stock items
100401 Slags 4614 0 0 0 0 4614 4
1004 02 Dross and skimmings 2253 0 0 0 0 2253 3
1606 01 Lead accumulators 3425 18 0 0 0 4265 415
1704 03 Lead 4340 120 0 0 0 4135 62
200133 Separately collected fractions 48 0.5 0 0 0 48 0.6
Total sum 14,680 139 0 0 0 15,315 484
@ In tons.
b Waste recovery.
¢ Waste disposal.
Table 5
Pb outputs into the environment in the Czech Republic in 2011 (MOE, 2013).
Notified substance Quantity (kg per year)
Leaks Transfers
Into atmosphere Into water Into soil In wastewater In waste
Lead and compounds 12,897 3580 0 1630 8,268,600

Table 5 shows that a similar situation in Denmark is occurring in
the Czech Republic, where direct emissions into the environment
coming from industrial processes are currently relatively small
compared to the amount of Pb transfers by means of waste (Hansen
and Lassen, 2002).

The average of atmospheric deposition of lead in the
areas monitored during 1993-2005 was in the range of
2295-63,092 g ha~!year~' (CISTA, 2006). The monitoring of inputs
to the soil conducted in 2010 as part of an analysis of the quality
of water treatment sludge confirmed the above limit occurrence of
lead in collected samples in (along with copper and chromium)
2.91% cases (MOA, 2011). Above limit concentrations of lead in
drinking water were monitored in 2010 in groundwater in the area
of MarkuSovice in the region of Trutnov (sub-basin of the upper
and middle Elbe) with the values of 166.0 g1~! (maximum). High
values (178 pgkg=") were also monitored in the same year in the
river Berounka in Srbsko. Lead pollution was also monitored in the
river Jizera (CHMI, 2012).

Lead deposition trends in the Czech Republic monitored through
the lead content analysis and isotope ratio 2°6Pb/207Ph in peat pro-
files and tree rings indicate a decrease in the emissions over the
past 20 years (Zuna et al., 2011). Deposition rates in peat in the
Piibram area ranged between 15 mgm~2year~! in the early 19th
century and 320mgm~—2 year—! in 1980. The current deposition
rate 5-89mgm~2 year~! is related to the erosion of contaminated
soil and waste deposits (Mihaljevic et al., 2006). The isotopic anal-
ysis of stream sediments in one location shows that the dominant
sources of Pb pollution lie in the historical Pb and Ag mining and
Pb primary smelting, while the role of secondary smelting in car
battery production is negligible (Ettler et al., 2006).

Quantification of the export of crude and refined Pb, waste and
products is shown in Table 6. The total export figures for 2011
were 513,018 tons. There were no Pb-bearing ores and concentrates
exported, but on the contrary, the export items included crude lead
for refining with an Ag content of 0.2% and higher in a total amount
of 555 tons.

Another important export item has become unwrought refined
lead (5634 tons), unwrought lead containing by weight antimony
as the principal other element (11,295 tons) and other unwrought
lead and lead alloys (3621 tons). As regards Pb-containing prod-
ucts, the export values relating to electric lead accumulators in the

monitored period were as follows: total exports of 206,757 tons, of
them the major percentage share of 97.85% lie in electronic lead-
based storage batteries of a kind used for starting piston engines,
working with liquid electrolyte (202,311 tons), and electronic lead
storage batteries of a kind used for starting piston engines, with
no liquid electrolyte (1592 tons), electric lead accumulators based
on liquid electrolyte (1311 tons), electric lead accumulators with
no liquid electrolyte (1524 tons) and spent lead accumulators
(18 tons). What is specific for this company is a significant export
volume of the table and kitchen glassware made of mechanically
gathered lead crystal, excluding drinking glassware (1532 tons)
and other glassware made of mechanically gathered lead crystal
(2599 tons).

Export of the lead waste and scrap materials (excluding ashes
and residues bearing lead) reached 1115tons in the monitored
period; export of the waste and scrap of primary cells, batteries
and electric accumulators bearing lead reached 449 tons.

Fig. 3 depicts in graphic form the shares of the key items of PB
waste and commodity export according to HS/CN classification.

Following the above mentioned data, the total balance of
material flows of lead in the Czech Republic reached negative val-
ues in 2011. The difference between the major material outputs
(528,333 tons) and inputs of lead (625,916 tons) was 97,583 tons.
The quantities of items in stock were on the rise in the monitored
period (see Fig. 1); however, a separate study with dataon the quan-
tity or “lifetime of the stock” has notbeen traced. Approximately 2/3
of Pb reserves represent used car batteries. 10% of anthropogenic Pb
reservesare contained in the infrastructure — water pipes (Reisinger
etal.,, 2009). The average lifetime of car batteries is estimated to be
in the range of 3-11 years. In the case of lead distribution pipes
and piping this time is in the order of decades with the fact that
currently there are less than 5% of buildings with lead distribution
pipes in the Czech Republic.

4. Discussion

The economic system of the Czech Republic in the spheres
of production and treatment of lead commodities and waste is
strongly influenced by external trade, in particular because of the
absence of primary lead resources. There are practically no perspec-
tives for obtaining this raw material from own resources because
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Table 6

Major material outputs of lead in the Czech Republic in 2011 (CSO, 2012a).
Pb outputs Weight?
Export of Pb waste and commeodities in total 513,018
Key items thereof (article codefname as per HS/CN)
78019100 Unwrought (crude) lead, containing by weight antimony as the principal other element 11,295
7801 10 00 Unwrought lead, refined 5634
780199 90 Unwrought (crude) lead other and lead alloys 3621
8507 10 20 Lead-acid accumulators of a kind used for starting piston engine “starter batteries”, not working with liquid electrolyte 202,311
7013 41 90 Glassware other, made of lead crystal gathered mechanically 2599
70139110 Table and kitchen glassware made of lead crystal gathered manually, excl. of drinking glassware 1532
7802 00 00 Lead waste and scrap (excl. of ashes and residues bearing lead) 1115
8548 1091 Waste and scrap of primary cells, primary batteries and electric accumulators bearing lead 449
@ In tons.

780199 90;
S 7013 41 90;
2,599t
780110 00; _/ 701391 10;
3,634t B 1,532t
'\730*' 0000;
1,115t
8548 1091;
780191 00; 449t
11,295t

m78019100 =78011000 =78019990 m85071020

=70134190

70139110 =78020000

85481091

Fig. 3. Export of Pb waste and commodities in 2011 (key items). (In tons.)

of cost ineffectiveness of the extraction process, Extraction of low-
yield home resources of lead and other ores was terminated in 1994.
We cannot exclude that some small ore deposits oflocal importance
will be found in the future, nevertheless, lack of processing capaci-
ties and high investment costs to be put therein along with potential
conflicts with the environmentalists are the major limiting factors
for their opening (MIT, 1999).

A positive finding is the fact that lead scrap imports exceed its
exports, and they are mainly used for local processing industries,
so that the prerequisites for achieving a competitive economy are
being partly fulfilled (MIT, 2012).

Superiority of the lead scrap imports over its exports is con-
sonant with the current European trends since the balance of lead
scrap trade in the EU-27 member states has also been negative after
1999, and the exports continue to decline.

Exception thereof was the period 2003-2004, in which the Euro-
pean Union was a pure exporter (EC, 2010). Considering the total
balance of the major material inputs and outputs of lead, nega-
tive balance was reported in the monitored period, representing
97,583 tons. This difference is based on the current use of lead
within the metal fund or its accumulation and keeping in stock.

The level of recycling of lead waste in the Czech Republic lies at
around 65% in 2004, thus exceeding the European average standard
0of 63%. More current data could not be found (EC,2010). On a world-
wide scale, countries dominating the recycling sectorinclude China,
USA, India, Germany, Mexico and others (ILA, 2013).

The effectiveness of recycling in the Czech Republic is based,
most of all, on the existence and proper functioning of the take-
back programs. The programs are supported by Czech legislation
and a wide array of conceptual documents. Pursuant to the Act No.
185/2001 Coll., on waste and amendment of some other acts in
the wording of later regulations, lead batteries have been banned
from landfill disposal, and the minimum efficiency level limit for

the recycling process has been laid down at 65%. This means that
the process of recycling conformant to such efficiency levels is the
only legitimate way of final disposal of this commaodity for the man-
ufacturers. At the same time, it is the manufacturer’s responsibility
to take back the lead batteries. It can be stated that these tools have
contributed to achieving the goals of the Waste Management Plan
of the Czech Republic (MOE, 2003), which consist in organizing col-
lection and material utilization of lead accumulators having been
entered into the market at rates as high as 95%. Considering the
total recycling rates of lead commodities at the end of their life
cycle, this can be established as a positive finding since the accu-
mulators are one of the key metal-bearing raw materials (Benes
et al, 2012). Nevertheless, regulatory tools for the manufacturer's
control should be developed on a continual basis and made more
stringent, in particular in terms of emission limits.

The key participant in the process of creating closed-loop mate-
rial flows of lead as a part of a sustainable development program is
the Company Kovohuté Pfibram nastupnicka, a.s., since it processes
all lead waste generated in the territory of the Czech Republic. The
percentage share of recycled content of lead in the blast furnace
was 97% in 2011. According to the Directive 2006/66/EC of the
European Parliament and of the Council on batteries and accumula-
tors and waste batteries and accumulators and repealing Directive
91/157EEC, recycling of the lead content should achieve as high a
rate as possible while avoiding excessive costs.

For the sake of completeness of the information, it should be
said that solely the most crucial material flows of lead have been
identified and quantified. The national statistical data provide only
a partial view. Aggregated data can be obtained, for example,
from the publication Material Flow Accounts - selected indicators
2012 (e-2008-13). The indicators calculated therein include Direct
Material Input (DMI) and Physical Trade Balance (PTB). These indi-
cators are divided into the categories: biomass, fossil fuels, metallic
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minerals, non-metallic minerals, other products not included else-
where and waste. Two basic accounts of material flows (Used
Domestic Extraction Account and External Trade Account) were set
up for the calculation of the said indicators (CSO, 2013).

The import and export statements in the CSO External Trade
Database give only the total weight of the said items without giving
a more detailed specification of the actual weight amount of lead
contained therein. The absence of data was also observed in dissi-
pative flows of lead or lead consumption. Another discrepancy can
be revealed in the publication Generation, Recovery and Disposal
of Waste 2011, issued by the Czech Statistical Office. It mentions
three waste operations methods, namely recovery (R), disposal (D)
and other methods (N). This division conforms to relevant Czech
laws but is not in compliance with the legislation of the European
Union, in which only two waste operations methods by recovery
(R) and disposal (D) have been defined.

It can be stated that material flows, speaking in general terms,
get much more attention in the countries that are rich in natural
resources. The Czech Statistical Office delivers data of the module
for the material flow accounts on macro-economic scale (EW-MFA)
to relevant European institutions within the implementation of the
Regulation (EU) No. 691/2011 of the European Parliament and of
the Council on European environmental economic accounts; nev-
ertheless, as already mentioned previously, these data are highly
aggregated and do not give a detailed overview of the material
flows of the selected raw materials. The classification itself has a
complicated methodology because of incompatibility of the num-
ber registers and nomenclatures (e.g. PRODCOM vs. HS/CN). Lack
of information about the material flows on micro-economic scale
causes also one of the major problems relating to the priority of
eco-effectiveness in a life-cycle, which is a part of the Framework
for Sustainable Consumption and Production Programmes in the
Czech Republic (MOE, 2005).

An example of a well-established practice in monitoring and
measurements of the material flows of lead is the National Insti-
tute for Materials Science (NIMS) in Japan. The institute published
an important document under the title Global Material Recycling:
The Case of Metals, which monitors in detail material flows of
all metals in the Japan territory (Halada, 2007). To determine the
overall material consumption of Pb in the CR inspiration may be
drawn, for example, from the methodology “Materials Consump-
tion: An Estimation Methodology and Example Using Lead - A
Materials Flow Analysis,” published by the U.S. Geological Survey
(Biviano et al., 1999). Extensive analyses of the eco-efficiency of
the lead industry are also carried out in China which is one of
the largest producers and second largest consumers of lead in the
world. Lead scrap recycling potentials and Pb flows in the economic
system at the regional level are investigated and analyzed using
the “top-down” technique. This technique involves in detail the
overall supply of lead (domestic extraction, scrap metal recycling,
import, stocks), lead consumption and use is then divided into 6
categories and 31 other types which monitor batteries, building
materials, paints, chemical applications, etc. (Changsheng et al.,
2014).

5. Conclusions

The results achieved clearly illustrate the fact that the economic
system of the Czech Republic in the production and treatment
of lead commodities and lead-containing waste is dependent
on the external trade, in particular due to absence of primary
lead resources. As far as the classification of economic activities
CZ-NACE (CSO, 2014a) is concerned, positive changes could be
identified under group 38.3 treatment of waste for further utiliza-
tion, while the group 38.1 waste collection still has shortcomings.
Behavior of the consumers, such as taking used batteries back to

recognized collection points, can be further stimulated by promot-
ing such awareness in mass media or periodicals and by providing
proper marking and comprehensive lists of public collection points.
A motivating factor can also become a financial reward such as
re-purchase of the lead automotive batteries organized by the Com-
pany Kovohuté Pfibram ndstupnickd, a.s.

In order to encourage general and expert public to strive for
a recycling society as defined in the Directive 2008/98/EC of the
European Parliament and of the Council on waste, and repealing
certain Directives, further efforts should be focused on preventing
generation of lead waste, and recovery waste as a source material.
At the same time, utilization of recoverable materials and efficient
use of resources should be strongly supported.

Nevertheless, it can be stated that the level of creating a closed-
loop material flow of lead in the Czech Republic is satisfactory, but
similarly, as in most industrial branches, further innovative tech-
nologies may open up new opportunities for further increase in
quality in terms of technology, costs, social impact and environ-
mental sound solutions.
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