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Abstrakt

Prace se zabyva problematikou moznosti mitigace zmény klimatu pomoci snizovani pro-
dukce sklenikovych plynti v budovéch. V prvni ¢asti prace je shrnut soucasny stav poznani.
Nasleduje analyza fondu budov CR z hlediska ptispivani jeho provozu k produkci skleniko-
vych plynd a vyjadieni potencidlu ke snizeni této produkce prostfednictvim zvySovani
energetické U¢innosti budov a vyuzivanim obnovitelnych zdroji energie v budovach. Po-
sledni ¢ast prace se zabyva problematikou stanoveni referen¢nich hladin produkce emisi
sklenikovych plynti pro budovy a je doprovozena piipadovou studii prezentujici aplikaci
téchto referen¢nich hladin na bytovy dim v CR.
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Abstract

The thesis deals with the issue of mitigating climate change by reducing greenhouse gas
production in buildings. The first part of the thesis summarises the current state of
knowledge. This is followed by an analysis of the building stock of the Czech Republic in
terms of the contribution of its operation to the production of greenhouse gases and an ex-
pression of the potential to reduce this production through increasing the energy efficiency
of buildings and the use of renewable energy sources in buildings. The last part of the thesis
deals with the issue of establishing reference levels of greenhouse gas emissions for build-
ings and is accompanied by a case study presenting the application of these reference levels
to an apartment building in the Czech Republic.
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1. Uvod

1.1. Popis problému

Zména klimatu je jednim z hlavnich globélnich problému dneska (IPCC, 2014). Vétsina vé-
decké komunity se shodla, Ze je vysoka pravdépodobnost, Ze nastup klimatické zmény
z velké ¢asti souvisi s Cinnosti Cloveka (IPCC et al., 2013), konkrétné s vypousténim vel-
kého mnozstvi sklenikovych plynti do atmosféry. Vyvoj zmény klimatu tedy lze lidskou
¢innosti vyrazné ovlivnit, a pokud chceme co nejméné destabilizovat soucasné fungovani
pfirodnich systémul a zachovat pfiznivé prostiedi pro zivot, je nasi povinnosti pokusit se
negativni dopady lidské Cinnosti redukovat. Samoziejmé je potieba balancovat Usili o
ochranu klimatu s ostatnimi potfebami spole¢nosti a vSechny potencialni dopady v souladu
s principy udrzitelného rozvoje diisledn€¢ vyhodnocovat (Liitzkendorf et al., 2012).

Mezinarodni spolecenstvi se snazi hledat cesty, jak celkovou produkci sklenikovych
plynt snizit (UNFCCC, 1998; United Nations, 2015; Stavins and Stove, 2016). Budovy jsou
jednim z prednich producentii emisi sklenikovych plynti (European Commission, 2018). Na
rozdil od dalSich oblasti lidské ¢innosti jsou jiz dnes zndmy technologie a postupy umoziu-
jici vyrazné snizeni produkce sklenikovych plyna v celém zivotnim cyklu budov (United
Nations, 2009).

Aby bylo mozné alespont odhadnout potencial, ktery budovy k tisporam nabizeji, a zva-
zovat, zda ma smysl se zabyvat jeho vytéZenim, je nejprve potfeba mit alesponi hruby odhad,
jaky je soucasny podil budov na produkci sklenikovych plynd, jaky je pfirozeny potencial
pro jejich snizeni a zda je tento ptirozeny potencial dostacujici vzhledem ke globalnim ci-
Iim. Na takovychto studiich riizné védecké tymy ve svété pracuji (Musall, 2015; Biirger et
al., 2016, 2017), v CR takovyto odhad zatim pro narodni podminky nebyl podrobné zpraco-
van.

1.2. Cil prace

Hlavnim cilem prace je odhadnout, jaky potencidl ke snizeni produkce emisi sklenikovych
plyntt mé Cesky narodni fond budov, a ukazat, jakym zptisobem by bylo mozné stanovit
pozadavky tak, aby jejich vystavba a fungovani byly v souladu s mezinarodnimi klimatic-
kymi cili.



2. Metody

Aby bylo mozné pfistoupit k feSeni hlavniho cile prace, je potieba nejprve definovat za-
kladni pojmy problematiky zmény klimatu a sesumirovat zdkladni fakta o dosavadnim
vyvoji poznani o fyzikalni podstaté problému, tak o lidskych aktivitach v této oblasti.

Nasledn¢ budou provedeny reserSe stavajiciho stavu poznéni s cilem shrnout aktualni
odpovédi na otazky:

— Jaké jsou ekologické limity lidské ¢innosti s ohledem na zménu klimatu?

— Jakeé jsou zpusoby alokace téchto limitli z globalniho métitka na narodni uroven,
potazmo na narodni fond budov?

— Jaké jsou narodni zavazky a strategie vybranych stati v oblasti zmény klimatu?

— V jaké vysi se odhaduje soucasny podil budov na emisich sklenikovych plynt?

Odpovédi na tyto otazky budou shrnuty v kapitole 3 Soucasny stav poznani.

V ptipadé, ze se podafi nalézt uspokojujici odpoveédi na vySe uvedené otazky, bude
mozné predpokladat, Ze zjisténé piistupy lze aplikovat i pro situaci CR, a tedy bude mozné
najit odpovédi na tyto otazky:

— Jaky je podil fondu budov CR na produkci sklenikovych plyni CR?

— Jaky je ptirozeny potencial fondu budov CR pro sniZeni emisi sklenikovych
plyna?

— Je tento potencial dostacujici z pohledu celosvétovych limitt?

— Pokud ne, jak by vypadaly budovy spliiujici stanovené limity? Jsou dosazitelné
pomoci dnesniho stavu techniky?

— Jaké dalsi kroky ve vyvoji a implementaci by byly tfeba? Jaké je vyhled budou-
ciho vyvoje v oblasti snizovani produkce emisi sklenikovych plynti v budovach?

Naésledujici kapitoly stru¢né shrnuji metody, které budou pouzity k zodpovézeni polozenych
otazek.

2.1. Metody zjiSténi sou¢asného stavu poznani

2.1.1. Definice zakladnich pojmu

Nejdiive bude provedena definice zdkladnich pojmu, které budou pouzivany v dalsi praci.

2.1.2. Jaké jsou ekologické limity lidské ¢innosti s ohledem na zménu klimatu?

Bude provedena stru¢na reSerSe literatury zamétfend na ekologické limity lidské Cinnosti
s ohledem na zmény klimatu. Bude vychazet primarn€ z podkladii v nejcerstvéjsich repor-
tech Mezivladniho panelu pro zménu klimatu.
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2.1.3. Jak tyto limity spravedlivé distribuovat mezi staty?

Bude provedena resSerSe odborné literatury s cilem najit a ptehledné shrnout stavajici dopo-
ruceni pro distribuci klimatickych zdvazkl mezi jednotlivé narodni staty. Jednotlivé piistupy
budou diskutovany s cilem vybrat mechanismus, ktery umozni relativné spravedlivou mezi-
narodni distribuci klimatickych zavazki a poskytne zéklad pro dalsi vypocty na narodni
urovni.

2.1.4. Jaky je soucasny vyvoj emisi sklenikovych plynia?
Na zakladé dostupnych statistickych dat bude provedeno stru¢né shrnuti mnozstvi global-
nich, evropskych a narodnich emisi sklenikovych plynii.

2.1.5. Jaké jsou mezinarodni aktivity vedouci k mitigaci zmény klimatu?

Na zéklad¢ reSerSe dokumentii Ministerstva zivotniho prostfedi a dokumentii mezinarodnich
organizaci bude proveden stru¢ny piehled nejvyznamnéjsich mezindrodnich aktivit.

2.1.6. Jaké jsou narodni zavazky a strategie vybranych stati v oblasti zmény
klimatu?

Cilem reSerSe v této oblasti je sestaveni pfehledu narodnich klimatickych zavazki vybra-
nych statl a navazujicich strategii, pomoci nichz hodlaji jednotlivé staty dosazeni zavazka
doséhnout. Hlavni metodou bude reserse odbornych ¢lankt a dostupnych strategickych do-
kumenta.

2.1.7. V jaké vysi se odhaduje souc¢asny podil budov na emisich sklenikovych
plyna?

Bude provedena reserse literatury s cilem uvést struény piehled o tom, jaky je podil emisi

sklenikovych plynt produkovanych fondem budov celosvétove a ve statech G20. Hlavnim

zdrojem informaci budou védecké ¢lanky a reporty organizaci, které se problematikou za-

byvaji.

2.1.8. Existuji ve svété metody, kterymi mohou staty piimo distribuovat kli-

matické limity na niarodni fondy budov nebo primo na budovy?

Cilem této ¢asti bude nalézt narodni metody, které umozni pfevod narodnich klimatickych
pozadavkl na narodni fondy budov nebo na jednotlivé budovy. Hlavnim zdrojem informaci
budou védecké publikace a informace poskytnuté zahrani¢nimi kolegy.
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2.2. Metody analyzy fondu budov CR

2.2.1. Jaky je podil fondu budov CR na produkci sklenikovych plyni CR?

Bude provedena reserSe s cilem vyhledat data, kterd by mohla slouzit jako podklad pro vy-
pocet emisi sklenikovych plynt fondu budov. K vypoctu budou potieba informace
o spotfeb¢ energie v budovach po jednotlivych energonositelich. Na zéklad¢ emisnich fak-
torti bude vypoétena roéni produkce emisi sklenikovych plynd z fondu budov CR.

2.2.2. Jaky je potencial fondu budov CR pro sniZeni emisi sklenikovych plynii?
Na zéklad¢ dostupnych podkladovych studii o potencialu uspor energie v budovach bude
nahrubo vypocten potencial fondu budov pro snizeni emisi sklenikovych plynt. Pro vypocet
bude potieba piijmout celou fadu ptredpokladu tykajicich se zejména budouciho vyvoje
fondu budov, energetického mixu v elektrické soustavé CR a podilu energetickych zdroji
v budovéch.

2.2.3. Je tento potencial dostacujici z pohledu celosvétovych limitia?

Vypocteny potencial tispor bude vyhodnocen pomoci porovnani s narodnimi limity vycha-
zejicimi z provedenych resersi.

2.2.4. Jak by vypadaly budovy spliiujici stanovené limity? Je to dosaZzitelné po-
moci dneSniho stavu techniky?

V ptipadé, ze se ukaze, ze predpoklady scénait uspor energie v budovach nejsou dostacujici,

bude zpracovan navrh postupu na stanoveni klimatickych pozadavki na jednotlivé budovy

pro podminky CR. Nasledné bude mozné odborné diskutovat nad moznosti, zda jsou tyto

pozadavky splnitelné a za jakych podminek, a zda a jak by se mély aplikovat v bézné sta-

vebni praxi.
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3. Soucasny stav poznani

3.1. Definice zakladnich pojmi

3.1.1. Klima

Klima (podnebi) je dlouhodoby charakteristicky rezim pocasi podminény energetickou
bilanci, cirkulaci atmosféry, charakterem aktivniho povrchu a lidskou ¢innosti. Lze ho
charakterizovat pomoci priumérnych hodnot meteorologickych prvkii doplnenych o ex-
trémy a Cetnosti jejich vyskytu, popripade o dalsi statistické charakteristiky. Diilezitym
aspektem klimatu daného mista je také priumeérny rocni chod meteorologickych prvkii
a jejich prumérnd mezirocni variabilita. (Katedra fyziky atmosféry MFF UK, 1970)

3.1.2. Klimatologie
Véda o klimatech Zemé, o podminkach a pticinach jejich utvareni a rovnéz o piisobeni kli-
matu na objekty ¢innosti ¢loveéka, na samotného ¢lovéka i na rizné prirodni déje, a naopak.

Jejim cilem je studovat obecné klimatické zdkonitosti, genezi zemského klimatu a zmény
a kolisani klimatu (Ruda, 2014).

3.1.3. Monitorovani stavu klimatu

Monitorovani klimatu ma dlouhou historii. Kdyz v roce 1992 vznikla Ramcova timluva OSN
o zméng klimatu, vznikla potfeba nezavislého monitorovani stavu klimatu s vetejné dostup-
nymi daty. Tato potfeba vyustila ve vznik organizace The Global Climate Observing System
(GCOS), na jejimz provozu se podili Ctyfi organizace: Svétova meteorologickd organizace
(WMO), Mezivladni ocednograficka komise v ramci UNESCO (IOC), Program OSN pro
zivotni prostiedi (UNEP) a Mezinarodni vybor pro védu (ISC) (The Global Climate
Observing System, 2019a).

GCOS pouziva sadu Global Climate Indicators, ktera obsahuje (The Global Climate
Observing System, 2019b):

— Teplota a energie
— Povrchova teplota (Surface Temperature)

— Teplo v oceanech (Ocean Heat)

Slozeni atmosféry
— Atmosféricky oxid uhli¢ity (Atmospheric CO>)
— Ocedany a vodstvo
— Okyseleni oceanti (Ocean Acidification)
— Hladina mofti (Sea Level)
— Kryosféra
— Ledovce (Glaciers)

— Rozsah arktického a antarktického zalednéni mote (Arctic and Antarctic Sea
Ice Extent)
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3.1.4. Zména klimatu

Termin zména klimatu je legislativné definovan v Rdmcové timluvé OSN o zméné klimatu,
kterd byla pfijata na Konferenci OSN o zivotnim prostfedi a rozvoji v Rio de Janeiru v roce
1992. Tato timluva ,,zménou klimatu rozumi takovou zménu klimatu, které je vazana ptimo
nebo nepiimo na lidskou ¢innost ménici slozeni globalni atmosféry a ktera je vedle pfirozené
variability klimatu pozorovéna za srovnatelny ¢asovy usek.* (Ministerstvo zahrani¢nich véci
CR, 2005).

3.1.5. Adaptace a mitigace zmény klimatu

RozliSujeme dva zplsoby reakce na zménu klimatu.

Prvnim typem reakce je snaha zabranit prohlubovani zmény klimatu, zejména pomoci sni-
zovani produkce emisi sklenikovych plynti nebo piimo aktivnim zachytdvanim
sklenikovych plynti z atmosféry a jejich dlouhodobému (idedlné¢ trvalému) ukladéani v riiz-
nych formach. Takovéto chovani se nazyvd mitigaci zmény klimatu, prosazuji se tzv.
mitigacni opatieni.

Druhym zptsobem reakce je snaha se pfizpusobit probihajici zméné klimatu a jejim
dopadim. Tato strategie se nazyva adaptaci na zménu klimatu, prosazuji se adaptacni opat-
feni.

Pii souc¢asném vyvoji je nezbytné vénovat se obéma strategiim, jak mitigaci, tak adap-
taci. Tato prace je zaméfena na mitigacni opatieni.

3.1.6. Sklenikové plyny

Hlavni pfi¢inou zmény klimatu je zména slozeni zemské atmosféry. Pfirodni a antropogenni
plynné slozky atmosféry, které absorbuji a opétovné vyzatuji infracervené zatreni (OSN,
1992) nazyvame sklenikovymi plyny (GHG). Sklenikové plyny se v atmosféte vyskytuji
pfirozené i pri¢inénim lidské ¢innosti. Poklada se za velmi pravdépodobné, Ze za soucasnou
zrychlujici zménou klimatu jsou pravé vlivy ¢lovéka, pfedevsim spalovani fosilnich paliv,
ale 1 zmény vyuziti krajiny a dalsi vlivy (naptiklad chladiva unikajici do atmosféry). Tuto
hypotézu ilustruje Obr. 1.
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Obr. 1: Zmeény teploty oproti odpovidajicimu priiméru za obdobi 1901-1950 (°C) v jednotlivych de-
setiletich od roku 1906 do roku 2005 na zemskych kontinentech, jakoz i na celé zemi, na svétové
pevniné a ve svétovém ocednu (spodni grafy). Cernd ¢dra oznacuje pozorované zmény teploty, za-
timco barevné pruhy znazornuji kombinovany rozsah, ktery pokryva 90 % nedavnych modelovych
simulaci. Cervend barva oznacuje simulace, které zahrnuji prirodni a lidské faktory, zatimco
modra barva oznacuje simulace, které zahrnuji pouze prirodni faktory. Prerusované cerné cary
oznacuji desetileti na kontinentalnich oblastech, pro které je k dispozici podstatné méné pozorovani
(Core Writing Team, Pachauri and Reisigner, 2007).

3.1.7. Ekologicka stopa

Koncept ekologické stopy byl poprvé popsan v devadesatych letech 20. stoleti v pracich
Wackernagela a Reese (Rees, 1992, 1996; Wackernagel and Rees, 1997), kdy bylo potieba
n¢jakym zpisobem nazorn¢ popsat relativni vyznam ekologickych dopadii lidské ¢innosti
vzhledem k ekologickym limitiim Zem¢. Ekologicka stopa byla zavedena jako plocha zem-
ského povrchu, kterd je schopna absorbovat ¢lovékem produkované Skodliviny ¢i
poskytnout zdroje pro provoz civilizace. Typt stop je vice, lisi se podle toho, co se jimi méti
(Fang, Heijungs and De Snoo, 2014, 2015). Uhlikova stopa je jednou z nich. Vyvojem me-

todik ekologickych stop se zabyva organizace Global Footprint Network (Global Footprint
Network, 2018).
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3.1.8. Uhlikova stopa

Uhlikova stopa je definovéana jako mnozstvi emisi ekvivalenti CO; pfimo nebo nepiimo
zptisobenych urcitou aktivitou (Wiedmann and Minx, 2007) nebo jako celkové mnoZzstvi
sklenikovych plynl emitované béhem zivotniho cyklu procesu nebo produktu (Carbon Trust
and Defra, 2008).

3.1.9. Mezivladni panel pro zménu klimatu

Mezivladni panel pro zménu klimatu (Intergovernmental Panel on Climate Change, zkratka
IPCC) je organ OSN pro posuzovani védeckych vysledkl souvisejicich se zménou klimatu.
Byl zalozen v roce 1988 ve spolupraci Svétové meteorologické organizace (WMO) a UNEP.
Poskytuje vladam clenskych zemi OSN informace o zméné klimatu, pravidelné posudky
vyvoje védeckych poznatki zmény klimatu, jejich dopadd a budoucich rizik a moznosti
adaptace a mitigace. Predkladané dokumenty (tzv. Assessment Reports, AR) slouzi jako
podklad pro tvorbu narodnich politik a jsou vstupem pro mezindrodni dohody. Prace IPCC
je Clenéna do tii pracovnich skupin (Working Groups) a jedné Task Force. Working Group
I se zabyva védeckym fyzikalnim pozadim zmény klimatu, Working Group II dopady zmény
klimatu, adaptaci a nachylnosti ekosystémii a Working Group III mitigaci zmény klimatu.
Hlavnim tkolem Task Force on National Greenhouse Gas Inventories je vyvinout a vyladit
metodiku pro vypocet a vykazovani ndrodnich emisi sklenikovych plynt (IPCC — The
Intergovernmental Panel on Climate Change, no date). Hodnotici zpravy AR vychézi jednou
za 5-7 let.

3.2. Ocekavané dopady zmény klimatu

3.2.1. Klimatické modely a scénare
Klimaticky model pfedstavuje fyzikalni, chemické a biologické procesy, které plisobi na
klimaticky systém (Core Writing Team, Pachauri and Reisigner, 2007). Problematiku kli-
matickych modelll podrobné vysvétluje kapitola 9 ARS (Flato et al., 2013).

Klimatické scénare na zdkladé klimatickych modelii popisuji mozné alternativy budou-
ciho vyvoje zmény zalozené na riznych kombinacich okrajovych podminek.

3.2.2. Ocekavané dopady globalni zmény klimatu

Reporty IPCC pracuji s tzv. Representative Concentration Pathways (zkratka RCP), neboli
reprezentativnimi sméry vyvoje koncentraci sklenikovych plyni. Ty stanovuji, jak se bude
vyvijet koncentrace sklenikovych plyni v atmosféte na zaklad¢ vyvoje spolecnosti, ekono-
miky a mitigacnich opatfeni. RCP 1.9 je scénaf, ktery omezuje globalni oteplovani pod
1,5 °C v souladu s Pafizskou dohodou. RCP 2.4 ptedpokladd, Ze antropogenni emise skleni-
kovych plynti budou vrcholit v roce 2020 a do roku 2100 se podafi dosdhnout nulovych
emisi. DalSim ze scénait je RCP 4.5, ktery predpoklada, ze emise sklenikovych plynt nadale
porostou, vyvrcholi v roce 2045, a poté budou do roku 2100 klesat zhruba na polovi¢ni tro-
veil emisi roku 2050. Nejvice pesimistickym scéndifem je RCP 8.5, ktery uvazuje s tim, Ze
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by ¢lovékem vypousténé emise sklenikovych plynii nebyly nijak omezovany. Rozsah mo-
delovanych vzestupti primérné povrchové teploty ve scénatich RCP 2.6 a RCP 8.5 je na
Obr. 2.

(°C relative to 1986—2005)

Global mean temperature change
(°C relative to 1850-1900, as an
approximation of preindustrial levels)

2000 2050
—— Observed

== RCP8.5 (a high-emission scenario)
B Overlap

#== RCP2.6 (a low-emission mitigation scenario)

Obr. 2: Historicky sledované a predpokladané vyvoje povrchové teploty podle scéndarit RCP 2.6 a
RCP 8.5 (Field et al., 2014).

Vycet vSech moznych dopadii zmény klimatu je nad rdmec tohoto textu, podrobnosti k moz-
nému vyvoji jsou dostupné v dokumentech IPCC, shrnuti je k dispozici v Technical
Summary k ARS (Field et al., 2014).

3.2.3. Ocekavané dopady zmény klimatu v Evropé

Soucasné ptredpoveédi moznych scénati vyvoje klimatu predpovidaji v Evropé do roku 2100
nartst primérné ro¢ni teploty o 2-5 °C vzhledem k soucasnému stavu (van Engelen et al.,
2008). Zména klimatu se neprojevi stejnomérné po celém kontinentu. Predpokladaji se sussi
letni obdobi ve stfedomotské oblasti a destivéjsi zimy v severni Evrop€. Dojde ke zvySeni
moftské hladiny. Kromé zmén podnebi se predpovida nartst poctu a intenzity kratkodobych
vin veder, extrémnich srazkovych udalosti a zaplav (Barriopedro et al., 2011; Giorgi et al.,
2011). Podrobnd mapa dopadt po evropskych regionech je dostupnd v reportu EEA na
str. 14 (European Environment Agency, 2012).
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3.2.4. Predpokladané dopady zmény klimatu na izemi CR
Hodnocenim zranitelnosti CR vii¢i zméné klimatu se pro MZP podrobné zabyvalo Centrum
pro otazky zivotniho prostiedi Univerzity Karlovy s agenturou CENIA (Havranek and
Ponocna, 2018; Mert et al., 2018).
Studie Reserse klimatickych modeli a studii dopadu zmen klimatu (Glopolis o.p.s., 2015)
uvadi tato ocekavani:

— kroku 2030 se priumeérna rocni teplota vzduchu na nasem vzemi zvysi cca o 1 °C,

priimérnd rocni teplota vzduchu v CR stoupne do r. 2100 o nékolik stupiii

— zvysi se pravdépodobnost vyskytu, intenzity i délky trvani episodickych vin ex-
trémne vysokych teplot

— vzroste pocet tropickych dni (nad 30 °C) a noci (nad 20 °C)

— pocet arktickych (maximalni teplota behem dne nepresahne -10 °C), ledovych
(teplota se béhem celého dne drzi pod bodem mrazu) a mrazovych (minimalni
teplota behem dne klesne pod bod mrazu) dnut bude klesat

— budou se zvysovat zimni srazkove uhrny, letni srazkové uhrny budou naopak kle-
sat, vyznamné vzroste pocet dnit bezesrazkového obdobi a riziko vzniku sucha,
zvysi se riziko vzniku poZarii

— zmeény hydrologického cyklu — distribuce srazek: vzroste riziko privalovych destii
a naslednych lokadlnich povodni, zvysi se maximalni prutoky, ale nejspise pokles-
nou prumerné a minimalni pritoky rek, pripadné bude dochazet k uplnému
vyschnuti toku,

— vzroste riziko vzniku méestskych tepelnych ostrovii.

3.3. Ekologické limity s ohledem na zménu klimatu

3.3.1. Unosna kapacita

Termin unosna kapacita nebo téz nosna kapacita se pouziva pii prognozach ristu lidské po-
pulace a meznich dopadt, které tento riist mize mit na zivotni prostfedi pii zachovani
funkc¢nosti zakladnich ekosystémi (Seidl and Tisdell, 1999). Ty jsou tieba k pteziti lidstva
na zemi.

3.3.2. Klimatické limity

Klimatickymi limity jsou v této praci mysleny ekologické limity vztahujici se ke zmén¢ kli-
matu, které vyznaCuji meze unosné kapacity (fyzikdlni nebo stanovené¢ dohodou).
V Parizské dohodé (United Nations, 2015), kterd se opird o zpravy IPCC, jsou tyto meze
pfevedeny na mezni unosnou miru zmény klimatu, ktera je vymezena nartistem teploty po-
vrchu Zemé nad 1,5 °C v porovnani s pfedindustridlni érou. Tato zména teploty je
povazovana za mez, kdy se zacne klima vyrazné ménit, s dopady jak na ptirodu, tak na ¢lo-
véka. Za hranici, kdy pravdépodobné za¢ne dochazet k nevratnym zménam je povazovana

18



hranice 2,0 °C. V roce 2020 byl svét na trajektorii vedouci k vzestupu teploty ptiblizné
0 3 °C do konce 21. stoleti.

3.3.3. Uhlikovy rozpocet

Uhlikovy rozpocet je pomyslné maximalni mnozstvi sklenikovych plynt, které je jesté
mozné vypustit do atmosféry, aniz by byl piekrocen urcity klimaticky limit (Meinshausen et
al.,2009). Rizné zdroje uvadeji riznou vysi zbyvajiciho uhlikového rozpoctu. Ten se vyviji
podle stavu poznani a s ¢asem se zmensuje s tim, jak roste koncentrace sklenikovych plynii
v atmosféfe. Vyse uvadéného uhlikového rozpoctu se také lisi podle toho, zda ptfipoustime
moznost, ze v budoucnu bude technicky mozné sklenikové plyny z atmosféry zachycovat
a ukladat (problematika carbon capture and storage, CCS). V takovém piipad¢ by bylo
mozné o néco déle pokracovat v emitovani sklenikovych plynli v prvni poloviné stoleti
a pozdégji emise zpét z atmosféry odebrat.

Tab. 1: Celkovy zbyvajici globalni rozpocet uhliku vyjadieny v Gt CO, . Podle (Williges et
al., 2019). Scénai* Pravdépodobné pod 2 °C je v souladu s 5. hodnotici zpravou IPCC citovanou
v (Rogelj et al., 2016) 50 % pod 2 °C. Scénai Vyrazné pod 2 °C vychazi z (Rockstrom et al.,
2017) s vice nezZ 66 % pod 2 °C. Scénar Cil 1,5 °C je definovan podle (Millar et al., 2017) s 50
% pod 1,5 °C.

Scénare 2020-2050 | 2050-2010
Bez uvazovani | Cil 1,5 °C 500 0
negativnich Vyrazné pod 2 °C 700 0
emisi Pravdépodobné pod 2 °C 1100 0
S uvazovanim | Cil 1,5 °C 1700 -1 200
negativnich Vyrazné pod 2 °C 1900 -1200
emisi Pravdépodobné pod 2 °C 2300 -1200

3.3.4. Klimatické pozadavky na budovy

Pro ucel této prace jsou klimatické pozadavky na budovu (¢i soubor budov nebo fond budov)
chépany jako takové pozadavky na emise sklenikovych plyni nebo emise oxidu uhli¢itého,
které zajisti, Ze pfi jejich dodrzeni pro budovu (¢i soubor budov nebo fond budov) nedojde
k prekroceni klimatickych limitd stanovenych pro budovy na sledovaném tizemi.

Mize se jednat pouze o provozni produkci sklenikovych plynti, ale mohou byt zahrnuta
1 mnozstvi sklenikovych plynii vznikajici pii t€Zbé a zpracovani surovin pfi vyrobé staveb-
nich materialu, jejich dopravé a zabudovani na stavbé, pravidelné drzbé az po odstranovani
doslouzilych budov (tedy dopady celého zZivotniho cyklu budov).

3.3.5. Uhlikovy rozpocet budovy

Uhlikovy rozpocet budovy v kontextu této prace predstavuje podil na globalnim uhlikovém
rozpoctu alokovany na uroven budovy.
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3.4. Vyvoj antropogennich emisi sklenikovych plynii

Nasledujici kapitoly davaji stru¢ny piehled o vyvoji emisi sklenikovych plynt v disledku
¢innosti ¢loveka.

3.4.1. Vyvoj globalni produkce sklenikovych plyni

V nasledujicim Obr. 3 je uveden vyvoj globélnich emisi sklenikovych plynt v letech
1750-2019, tmaveé modra barva dole v grafu vyznacuje podil EU. Z grafu je vidét, Ze emisim
sklenikovych plynti dominuje Cina a USA, EU byla v roce 2019 zodpovédna za piiblizné
16 % emisi sklenikovych plyni. Produkce sklenikovych plynt je celosvétoveé nevyrovnana.

Annual total CO2 emissions, by world region
35 billion t ?
Oceania
Asia (_excl. China
30 billion t & India)
25 billion t
China
20 billion t
15 billion t PP
__— South America
. North America
10 billion t (excl. USA)
—— United States
5 billion t ~ Europe (excl.
EU-27)
EU-27
0 t r T U
1750 1800 1850 1900 1950 2019
Source: Our World in Data based on the Global Carbon Project OurWorldIinData.org/co2-and-other-greenhouse-gas-emissions « CC BY

Note: This measures CO, emissions from fossil fuels and cement production only - land use change is not included. 'Statistical differences'
(included in the GCP dataset) are not included here.

Obr. 3: Vyvoj svetovych emisi sklenikovych plynii (Ritchie and Roser, 2020).

V minulosti byly trendy produkce sklenikovych plynt jednotlivych stath piiblizn€ linearné
navazany na jejich HDP. V posledni dob¢ se vSak tyto kiivky diky zvysené energetické efek-
tivit¢ technologii a pfechodu na obnovitelné ¢i jiné bezemisni zdroje energie zacinaji
rozpojovat. Pfikladem tohoto jevu je vyvoj v USA, jeZ je zobrazen na Obr. 4.
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Change in per capita CO2 emissions and GDP, United States

Annual consumption-based emissions are domestic emissions adjusted for trade. If a country imports goods the
CO, emissions caused in the production of those goods are added to its domestic emissions; if it exports goods
then this is subtracted.

+50% GDP per capita
+40%
+30%
+20%
+10%
+0%

_ 0,
10% Consumption-based CO, per capita

-20% ‘ ‘ ‘ ‘  Production-based CO, per capita
1990 1995 2000 2005 2010 2015 2020

Source: Our World in Data based on Global Carbon Project; UN Population; and World Bank
Note: GDP is measured in constant 2011 international-$ which adjust for inflation and cross-country price differences.
OurWorldInData.org/co2-and-other-greenhouse-gas-emissions « CC BY

Obr. 4: Rozpojeni rustu HDP od emisi sklenikovych plynii v USA (Ritchie and Roser, 2020).

Cilem snah o ochranu klimatu je toto rozpojeni zajistit ve vSech statech a vyznamné jej
urychlit. Zaroven je ovSem tfeba zajistit, aby tim nebyla ohrozena Zivotni Groven — aby jed-
nostrann¢ orientované snahy na snizovani emisi sklenikovych plynii nevedly v dusledkt ke
zhorseni kvality Zivota, ekonomické stability, ohroZeni obcanskych svobod a dalsich spole-
¢enskych hodnot. To by hrozilo zejména ve statech, které by byly donuceny rapidné snizit
svou uhlikovou stopu. Tuto situaci ilustruje Obr. 5 zobrazujici emise sklenikovych plynt
pfepoctené na obyvatele.
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Per capita CO2 emissions
Carbon dioxide (CO,) emissions from the burning of fossil fuels for energy and cement production. Land use
change is not included.

<0t 25t 75t 15t >50t

No data 1t 5t 10t 20t
\ f I

Source: Our World in Data based on the Global Carbon Project; Gapminder & UN
Note: CO, emissions are measured on a production basis, meaning they do not correct for emissions embedded in traded goods.
OurWorldInData.org/co2-and-other-greenhouse-gas-emissions/ « CC BY

Obr. 5: Emise sklenikovych plynii v jednotlivych statech prepoctené na obyvatele. Svétovy priimer
byl v roce 2017 4,8 tun COx/0obyv. (Ritchie and Roser, 2020).

Dalsim problémem, ktery je v soucasné dob¢ hodné¢ citovan je presouvani energeticky a ma-
terialové naro¢né vyroby do tietich zemi. Problémem jsme se podrobnéji zabyvali s kolegy
z piirodovédecké fakulty v roce 2015 (VICkova et al., 2015). Aktualni stav z roku 2018 je
na Obr. 6, ze kterého je vidét, které staty ve vyrobceich emise dovazeji a které vyvazeji. Oproti
tomuto trendu bude pusobit deglobalizace v disledku COVID, kdy fada firem pfemysli
o pfesunuti vyroby zpét blize ke koncové vyrobé a zdkaznikiim. Na druhou stranu, neSikovné
zavedené a fizené zdanéni emisi sklenikovych plynti miZze tento problém jeste prohloubit.
Resenim by mohlo byt zavedeni uhlikového cla, jak dlouhodobé navrhuje nobelista William
Nordhaus (Nordhaus, 2015), a o kterém Evropska unie v poslednim roce nahlas uvazuje.
Zavedeni cel na zbozi ze zemi, kde nejsou uhlikové emise zdanény mlize vyrazné¢ pomoci,
problémem ale bude narlst cen spotfebniho zbozi. Bude tedy nutné tato opatfeni zavadét
velmi citlivé a dobife navrhnout mechanismy, jak vybranou dan jinym zpisobem vratit eko-
nomicky slabym spoluobCanim, jinak hrozi prohloubeni chudoby a nerovnosti ve
spole¢nosti.
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CO2 emissions embedded in trade

Share of carbon dioxide (CO,) emissions embedded in trade, measured as emissions exported or imported as the
percentage of domestic production emissions. Positive values (red) represent net importers of CO; (i.e. "20%"
would mean a country imported emissions equivalent to 20% of its domestic emissions). Negative values (blue)
represent net exporters of CO,.

<-80% -40% -10% 10% 50% >450%
No data -60% -20% 0% 20% \ 100%
—/ [ [
Source: Peters et al. (2012 updated); Global Carbon Project OurWorldInData.org/co2-and-other-greenhouse-gas-emissions/ « CC BY

Obr. 6: Emise sklenikovych plynii v jednotlivych statech prepoctené na obyvatele. Svétovy priimér
byl v roce 2017 4,8 tun CO2/obyv. (Ritchie and Roser, 2020).

3.4.2. Vyvoj Evropské produkce sklenikovych plyni

Vyvoj produkce sklenikovych plynii v EU sleduje Evropska agentura pro zivotni prostiedi
(EEA), ktera je zaroven zodpoveédna za predkladani zprav UNFCCC v souladu s metodikou
podle Kjotského protokolu. Stav k roku 2019 ukazuje graf na Obr. 7, podil stati EU je
v Tab. 2.

7000
5 669
o M
@ 5000
% 4 067
S 4000
g
o)
© 3000
=
2000
1000
S5 RIRERR8588388583 2Tl
DO OO DD DN OO OO OO0 O0CDODO0CODOOCOO0 O O 0O
T T rErTrrr e rr AN A AN NN NN NN ANNNNNNANNN

Obr. 7: Vyvoj produkce emisi sklenikovych plynii v EU-27, Islandu a Spojeném kralovstvi v roce
2019 bez zahrnuti LULUCF (European Commission, DG Climate Action and European
Environment Agency, 2021).

23



Tab. 2: Emise sklenikovych plynii jednotlivych zemi EU a Spojeného kralovstvi v letech 1990
a 2019 v milionech tun CO2,ekv. bez LULUCF (European Commission, DG Climate Action
and European Environment Agency, 2021)

Zemé 1990 2019 Zména 1990-2019
Belgie 145,7 116,7 -19,9 %
Bulharsko 100,0 56,0 -44.0 %
Cesko 198,9 123,3 -38,0 %
Déansko 70,9 442 -37,6 %
Estonsko 41,0 14,7 -64.2 %
Finsko 71,2 53,1 -25.5 %
Francie 544.0 436,0 -19,9 %
Chorvatsko 314 23,6 -24.8 %
Irsko 54,4 59,8 9,9 %
Island 3,7 4,7 28.2 %
Italie 518,7 418,3 -19,4 %
Kypr 5,6 8,8 58,7 %
Litva 47,8 20,4 -57.4 %
Lotyssko 25.9 11,1 -57,0 %
Lucembrusko 12,7 10,7 -15,6 %
Mad’arsko 94,8 64,4 -32,0 %
Malta 2,6 2,2 -16,2 %
Némecko 1248,6 809,8 -35,1%
Nizozemsko 220,5 180,7 -18,0 %
Polsko 475,9 390,7 -17,9 %
Portugalsko 58,9 63,6 8,1 %
Rakousko 78,4 79,8 1,8 %
Rumunsko 2664 113,9 -57.3 %
Recko 103,3 85,6 -17,1 %
Slovensko 73,5 40,0 -45,6 %
Slovinsko 18,6 17,1 -8.2 %
Spojené kralovstvi 794,1 452,3 -43,0 %
Spanélsko 290,0 314,5 8,5 %
Svédsko 71,2 50,9 -28,5 %
EU 5668,7 4067,1 -28,3 %

3.4.3. Vyvoj narodni produkce sklenikovych plynii

Emise sklenikovych plyni za Cesko pravidelné reportuje Cesky hydrometeorologicky ustav
(CHMU) na zaklad& Narizeni Evropského parlamentu a Rady (EU) & 525/2013 ze dne 21.
kvétna 2013 o mechanismu monitorovani a vykazovani emisi sklenikovych plynii a podavani
dalsich informaci na urovni clenskych statii a Unie vztahujicich se ke zmenée klimatu a o
zruSeni rozhodnuti ¢. 280/2004/ES (1) a dale Sekretariatu Ramcové umluvy OSN o zméné
klimatu v ramci Kjétského protokolu (Ustav, no date). V dobé psani této prace (srpen 2021)
je k dispozici kompletni Néarodni inventarizac¢ni zprava (NIR) zvefejnénd v dubnu 2021,
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ktera poskytuje data k emisim do roku 2019 (Krtkova et al., 2021). Z ni pochézi nasledujici
souhrnna tabulka na Obr. 8.

O O D 0 000 00 010 D D
OR

1. Energy 161311.73 129382.78  122163.00 120722.46  112520.06 98767.79 93597.81
A. Fuel combustion (sectoral approach) 149450.22 120077.77 115036.95 114174.21 106780.88 94409.27 90677.02
1. Energy industries 56854.99 61761.97 62061.38 63166.17 62196.64 53666.01 49181.67
2. f ing ind ies and construction 47113.14 24468.30 23425.64 18844.64 12112.38 9751.37 9375.70
3. Transport 11480.42 10468.05 12122.57 17343.33 16838.60 17539.08 19079.08
4. Other sectors 33807.41 23162.56 17247.42 14546.59 15304.12 13071.99 12737.53
5. Other 194.26 216.88 179.95 273.47 329.14 380.81 303.03
B. Fugitive emissions from fuels 11861.51 9305.01 7126.05 6548.25 5739.18 4358.52 2920.79
1. Solid fuels 10779.39 8468.06 6249.66 5652.53 4842.02 3745.08 2323.09
2. Oil and natural gas and other emissions from

energy production 1082.12 836.96 876.39 895.72 897.16 613.43 597.70
2. Industrial P 17110.56 14186.58 14890.92 14790.80 15054.51 15359.83 15522.92
A. Mineral industry 4082.45 3019.09 3633.37 3345.75 3042.94 2588.78 3086.25
B. Chemical industry 2941.78 2805.62 2936.67 2800.88 2368.61 2070.59 2019.67
C. Metal industry 9670.32 7949.20 7435.43 7103.10 6752.62 6952.50 6220.60
D. Non-energy products from fuels and solvent

use 125.56 103.75 146.76 132.98 114.24 136.34 148.80
E. Electronic ind Y NO,NE NO,NE 11.17 6.64 41.95 5.30 5.49
F. Product uses as ODS substitutes NO 14.03 421.49 1084.36 2429.21 3306.73 3752.37
G. Other product manufacture and use 290.46 294.90 306.04 316.93 304.69 299.04 288.96
H. Other NO NO NO 0.16 0.26 0.57 0.77
3. Agriculture 15712.38 9479.75 8642.65 8251.15 7557.92 8741.21 8198.66
A. Enteric fer i 5737.19 3582.90 3049.11 2837.13 2720.79 2896.86 3093.76
B. Manure 8! 3141.07 2143.34 1907.51 1700.62 1407.89 1325.21 957.53
D. Agricultural soils 5537.95 3532.98 3456.93 3502.46 3206.41 4087.19 3805.45
G. Liming 1187.63 111.26 113.21 64.51 61.97 164.41 192.80
H. Urea application 108.53 109.27 115.88 146.42 160.86 267.54 149.13
4. Land use, land-use change and forestry -6960.77 -8556.81 -8757.57 -8089.38 -7409.86 -7342.90 13564.52
A. Forest land -5647.49 -7875.59 -7567.07 -6709.58 -5782.41 -6873.59 15087.59
B. Cropland 215.43 224.03 205.01 174.10 179.14 155.09 102.63
C. Grassland -110.32 -322.58 -384.36 -366.06 -372.32 -302.00 -275.55
D. land 21.72 9.33 27.38 21.76 35.17 25.69 21.58
E. Settlements 270.86 240.09 238.05 235.54 177.10 141.01 133.72
F. Other land NO,NA NO,NA NO,NA NO,NA NO,NA NO,NA NO,NA
G. Harvested wood products -1712.98 -833.54 -1277.73 -1446.15 -1647.57 -490.14 -1505.98
5. Waste 2937.16 3280.41 3575.74 3963.13 4473.41 5103.38 5319.12
A. Solid waste disposal 1792.69 2179.29 2527.17 2743.29 3097.22 3275.15 3393.57
B. Biological of solid waste NE,IE NE,IE NE,IE 60.90 202.65 678.57 717.29
C. Incineration and open burning of waste 20.48 60.14 51.37 107.49 104.42 92.07 106.07
D. Waste water treatment and discharge 1123.99 1040.98 997.20 1051.44 1069.12 1057.60 1102.19
Memo items:

International bunk 528.22 562.83 593.83 978.92 965.41 895.11 1276.35
Aviation 528.22 562.83 593.83 978.92 965.41 895.11 1276.35
CO, emissions from bi 6445.39 5790.70 6666.40 8667.97 12354.05 16224.90 18054.57
Long-term storage of C in waste disposal sites 15558.30 19691.70 24677.97 30258.81 36422.71 41586.48 45589.01
Indirect N,O 1082.72 550.32 419.42 409.25 353.26 283.79 246.43

Indirect CO, 1877.45 1450.01 1190.60 987.19 798.86 659.06

Obr. 8: Souhrn emisi sklenikovych plynit v CR mezi lety 1990 a 2019 v kt COser. (Krtkovi et al.,
2021).

3.5. Soucasné nazory na principy distribuce ekologickych limitii

V této kapitole jsou pouzity vybrané texty ze spole¢ného ¢lanku Carbon budgets for buil-
dings: harmonising temporal, spatial and sectoral dimensions, ktery vzniknul v rdmci
mezinarodni spoluprace v IEA EBC Annex 72 (Habert et al., 2020).

Jak bylo uvedeno v piedchozich kapitolach, emise sklenikovych plyn doposud rostly.
Pro splnéni emisniho cile 1,5 °C by bylo potieba, aby emise v téchto letech vrcholily a zacaly
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nadale klesat, to se ale ptfirozenou cestou nedafi. Hledaji se tedy mechanismy, jak rozdélit
zodpovédnost mezi staty a mezi ekonomické sektory a vytvofit zdvazky ke snizovani emisi
sklenikovych plynd.

Je potieba, aby vniméni zdvazkl bylo vnimano jako spravedlivé, jinak hrozi, Ze by
vzniklé zdvazky nebyly dodrzeny. Nalezeni shody na ptistupu, ktery by byl spravedlivy, neni
jednoduché, v tomto kontextu vzniknul i pojem klimaticka spravedlnost (climate justice).

K rozdéleni zavazkl je mozné pouzit uhlikovy rozpocet (viz kap. 3.3.3), ktery lze teo-
reticky alokovat konkrétnim zodpovédnym subjektlim: narodnim statiim, municipalitam, ale
i jednotliveiim ¢i ekonomickym sektorim. Rozc¢lenéni celkového rozpoctu na rozpocet pro
jednotlivé zucastnéné strany (nebo oblasti ¢innosti) zahrnuje dva rozméry: specifikaci
urovng ¢lenéni (od zemé po osobu) a ucetni princip, ktery urcuje, jaka ¢ast rozpoctu se spo-
titebuje na konkrétni ¢innosti. Obvyklou prvni Grovni ¢lenéni je ¢lenéni podle zemi, v rdmci
kterého lze rozpocet dale Clenit napt. podle hospodarskych odvétvi, oblasti potieb nebo
podle poctu obyvatel.

V literatufe se o alokac¢nich mechanismech hovofi pfedev§im v piipadé Clenéni na
tirovni jednotlivych zemi (Alcaraz et al., 2019). Cim mensi je rozpoéet piidéleny dané zemi
ve vztahu k soucasnym emisim, tim vétsi Gsili o zmirnéni emisi se pro danou zemi piedpo-
klada. Alokac¢ni mechanismy lze délit na zaklad¢ tii principt spravedlnosti: odpovédnosti,
schopnosti a rovnosti a jejich riznych kombinaci, jak je uvedeno v IPCC ARS (Clarke et al.,
2014).

— Zodpovédnost: tyka se toho, zda jsou zohlednény historické emise. Pokud ano,
jejich nadmérny vyskyt snizuje podil zemé na globalnim rozpoctu, ktery k dnes-
nimu dni jesté zbyva.

— Schopnost: vychazi ze zasady UNFCCC, Ze zem¢ by m¢ly jednat "v souladu se
svymi spolecnymi, ale diferencovanymi povinnostmi a ptislusnymi schopnostmi
a socidlnimi a ekonomickymi podminkami" (UN, 1992). Pti rozdélovani rozpoctu
to znamena vétsi podil rozpoctu pro zemé, které se nachdzeji na nizsich ptickach
v ukazatelich jako je HDP nebo index lidského rozvoje (HDI).

— Rovnost: asto znamena "ptidélovani na zdklad€ okamzitych nebo konvergujicich
emisi na obyvatele" (Clarke et al., 2014). Okamzit4 rovnost v pfepoc¢tu na obyva-
tele rozdéluje zbyvajici ¢ast globalniho rozpoctu zemim na zékladé poctu jejich
obyvatel. Rovnost, kterd konverguje k budoucimu ¢asovému bodu (mozna az k
roku 2050), zahrnuje druh "grandfatheringu", ktery uznava, ze soucasné zem¢ s
vysokymi emisemi potiebuji ¢as na ptechod. Tim se vSak pfisuzuje legitimita sou-
casnému stavu vysoce nerovnych urovni emisi, a dokonce se ospravedlituje jejich
dalsi pretrvavani. Tento ptistup zajiStuje, ze vysoce pramysloveé vyspelé zemé
maji v pfechodném obdobi mnohem vice emisnich prav, coz ovSem konzervuje
soucasnou nerovnost (Williges et al. 2019).
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S principem historické zodpovédnosti velmi pravdépodobné souvisi souc¢asné snahy Evrop-
ské unie o vedouci ulohu ve snizovani emisi sklenikovych plynii. Existuji dopocty, kolik
emisi sklenikovych plynl jednotlivé zemé vypustily do atmosféry od zacatku priimyslové
revoluce, vysledky jsou zobrazeny na Obr. 9.

Cumulative CO2 emissions by world region

Cumulative carbon dioxide (CO,) emissions by region from the year 1750 onwards. Emissions are based on
territorial emissions (production-based) and do not account for emissions embedded in trade. This measures CO,
emissions from fossil fuels and cement production only — land use change is not included.
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Obr. 9: Historicky dopocet kumulativnich emisi CO; (Ritchie and Roser, 2020).

Problematikou pterozdélovani uhlikového rozpoctu se zabyvaly i dalsi prace (Bastianoni,
Pulselli and Tiezzi, 2004; Hohne, den Elzen and Escalante, 2014; Steininger et al., 2014,
2016).

3.6. Mezinarodni umluvy vedouci k mitigaci zmény klimatu

3.6.1. Ramcova umluva OSN o zméné klimatu

V roce 1992 byla na Konferenci OSN o zivotnim prostiedi a rozvoji v Rio de Janeiru pode-
pséna Ramcova umluva OSN o zméné klimatu (anglicky United Nations Framework
Convention on Climate Change, UNFCCC, (OSN, 1992)), kterd poskytuje ramec mezina-
rodnim vyjednavani o mozném feSeni problému spojenych s probihajici zménou klimatu,
vcetné problematiky snizovani emisi sklenikovych plynt, vyrovnavani se s negativnimi do-
pady zmény klimatu i finan¢ni a technologické podpory rozvojovym zemim (Ministerstvo
zivotniho prostiedi, 2019). Rdmcova umluva OSN o zméné klimatu vesla v platnost
21.3. 1994 a ke dneSnimu dni ji ratifikovalo 197 zemi (United Nations Climate Change,
2014).
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Agendu UNFCCC, a na ni navazujici mezinarodni dohody, mé na starost jeji sekretariat
s nazvem United Nations Climate Change, ktery od roku 1995 sidli v Bonnu. Sekretariat
poradd kazdorocné nékolik mezinarodnich akci, znichz nejvyznamnéjsi je Konference
smluvnich stran (Conference of Parties, COP) (United Nations Climate Change, 2019). Mezi
dosud nejvyznamnéj$i COP patii COP7, na které byl schvalen Kjotsky protokol a COP21,

na které byla schvalena Pafizska dohoda.

3.6.2. Kjotsky protokol

Kjotsky protokol je mezindrodni smlouva k Rdmcové imluvé OSN o zméné klimatu, ktera
zavazovala smluvni strany ke stanoveni mezinarodn¢ zdvaznych cili snizovani produkce
sklenikovych plynt. Protokol zohlediioval fakt, Zze za vysoké koncentrace sklenikovych
plynt v atmosfére jsou zodpovédné predevsim rozvinuté zemg.

Kjotsky protokol byl pfijat v Kjotu 11. 12. 1997. Detailni pravidla implementace byla
schvalena na COP7 v Marakési v roce 2001 a ratifikovalo ho 132 zemi. Protokol vstoupil
v platnost 16. 2. 2005 a stanovoval limity na produkci Sesti sklenikovych plynii pro prvni
obdobi v letech 2008-2012 s cilem snizeni o 5 % oproti roku 1990. V roce 2012 vzniknul
v Dauha Dodatek 1, ktery stanovil limity pro obdobi 2013-2020 s cilem snizeni ro¢nich
emisi o 18 % oproti roku 1990. Primarnim cilem Kjotského protokolu je pfedevsim snizeni
emisi sklenikovych plynl na vlastnim izemi, Protokol vSak umoziuje ¢ast zavazku splnit
pomoci flexibilnich mechanismt, které umoziuji plnéni na Gizemi jiného statu ¢i odkup ne-
vyCerpanych limitl od jinych statd (UNFCCC, 1997). Od roku 2005 se v ramci kazdoro¢nich
konferenci COP obvykle kona i setkdni signataii Kjotského protokolu (Conference of the
Parties Serving as the Meeting of Parties to the Kyoto Protocol), pouzivé se pro né zkratka
CMP.

3.6.3. Parizska dohoda

Patizska dohoda, kterd byla schvalena béhem klimatické konference v Patizi 2015 (COP21),
nahradi Kjotsky protokol. Cilem Dohody je posilit globalni odezvu na hrozbu zmény klimatu
opatfenimi k udrzeni naristu globalni teploty vyrazné pod 2 °C oproti obdobi pied pramys-
lovou revoluci a usilovat o to, aby tento narast neptekrocil 1,5 °C. Dohoda ukladd vSem
statim stanovit si narodni pfispévky k dosazeni dilu dohody (United Nations, 2015). Od
roku 2016 se konaji pravidelné konference signataiti Patizské dohody (Conference of the
Parties serving as the meeting of the Parties to the Paris Agreement, zkratka CMA), které¢
jsou pridruzeny ke konferencim COP.

3.6.4. MarakéSské partnerstvi pro globalni klimatické akce

Partnerstvi (v originale Marrakech Partnership for Global Climate Action) bylo spusténo na
COP22 v roce 2016. Cilem Partnerstvi je podpofit Patizskou dohodu podporou aktivit na-
stavenim multilateralni komunikace riznych koalic, iniciativ a organizaci (tedy ne-¢lenti
Patizské dohody, jejimiz signatdii jsou narodni staty) s cilem aktivizovat kliCové hrace
k rychlejSimu postupu v mitigaci zmény klimatu tak, aby bylo mozné dosahnout
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dlouhodobych cilt Patizské konference, a tak umoznit dosazeni cilti udrzitelného rozvoje
OSN (SDGs) (UNFCCC, 2017).

3.6.5. Zavazek EU vuci Parizské dohodé

Jednotlivé staty dobrovolné predkladaji Narodni klimatické plany (United Nations
Framework Convention on Climate Change, 2021). Staty Evropské unie se dohodly, ze bu-
dou predkladat narodni klimatické plany spoleéné. Ceské republika viiéi spojenym narodtim
splnila ptedlozeni zdvazku prostfednictvim spolecného zavazku ¢lenskych statt, ktery Ev-
ropska unie ptedlozila béhem Lotysského predsednictvi v roce 2015 (UNFCC, 2021). V ném
se EU dobrovolné zavazala do roku 2030 snizit emise sklenikovych plynii o 40 % oproti
roku 1990. Indikatorem jsou ekvivalentni emise sklenikovych plynii podle Montrealského
protokolu (tedy celkem 7 plyni). Mechanismus vedouci ke splnéni zdvazku tesi nafizeni
Evropského parlamentu a Rady (EU) 2018/1999.

V roce 2020 béhem némeckého predsednictvi se EU dohodla na smétovani k uhlikové
neutralité v roce 2050 a zaroven k cili snizeni emisi sklenikovych plyni v roce 2030 o 55 %
oproti roku 1990 (European Commission, 2020).

3.6.6. EU Green Deal — Zelena dohoda pro Evropu

Zelena dohoda pro Evropu (European Council, 2021a) je ambicidzni plan transformace EU
na konkurenceschopnou klimaticky neutralni ekonomiku. Obsahuje soubor opatieni, ktera
maji podpofit u€inné vyuzivani zdroji prostfednictvim pfechodu na ¢isté obéhové hospo-
dafstvi, zabranit ztraté biologické rozmanitosti a snizit znecisténi.

Prostfedkem, jak naplnit cile Green Deal, je pfipravovany balicek legislativnich opatfeni
Fit for 55 (European Council, 2021b), jehoz nazev je odvozen z klimatického cile redukce
produkce sklenikovych plyntt EU o 55 % do roku 2030 (oproti roku 1990).

3.6.7. Klimatické politiky a zavazky CR

Zakladnim narodnim dokumentem k mitigaci zmény klimatu je Politika ochrany klimatu
v CR, ktera byla schvalena usnesenim vlady v roce 2017, které zaroveii uklada statni spravé
se dokumentem fidit (Ministerstvo Zivotniho prostiedi Ceské republiky, 2017). Hlavnimi cili
Politiky ochrany klimatu v CR bylo stanovit vhodny mix nakladové efektivnich opatieni
a nastrojit v kli¢ovych sektorech vedouci ke sniZeni emisi CR do roku 2020 alespoii
0 32 Mt COzekv. a do roku 2030 alespoit 0 44 Mt CO2 cky. v porovnani s rokem 2005. Dlou-
hodobymi indikativnimi cili Politiky ochrany klimatu v CR je sméfovat k trovni 70 Mt
COzckv. vypousténych emisi v roce 2040 a 39 Mt COx ckv. v roce 2050. Politika ochrany kli-
matu také stanovila Zavazky CR zohlediiujici zdvazky EU vazajici se na emise sklenikovych
plynii vypousténych Ceskem v roce 1990, a to:

— snizit emise sklenikovych plyni o 20 % do roku 2020;
— snizit emise sklenikovych plyni minimalné o 40 % do roku 2030;

— snizit emise sklenikovych plynt o 80-95 % do roku 2050.
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CR v ramci mechanismu vedouciho ke splnéni klimatickych zavazkt podle nafizeni Evrop-
ského parlamentu a Rady (EU) 2018/1999 sestavila Vnitrostatni plan Ceské republiky
v oblasti energetiky a klimatu (Ministerstvo primyslu a obchodu CR, 2019). Dokument,
ktery byl 13. 1. 2020 schvalen vladou, ptebird a potvrzuje zavazky stanovené Politikou
ochrany klimatu v CR.

3.7. Vyznam budov pro mitigaci zmény klimatu

Budovy pfedstavuji vyznamnou oblast produkce sklenikovych plynt. Specialni kapitolu jim
vénoval 1 report [IPCC (Lucon et al., 2014). Podle udaji Evropské komise tvoii v EU emise
sklenikovych plynti souvisejici s budovami 34 % (European Commission, 2019).

Usporna opatieni na budovéch jsou jednou ze $esti hlavnich oblasti specificky uvede-
nych v Zelené dohodé pro Evropu (Evropska komise, 2021). Problém zmény klimatu
vyzdvihuji i fady odbornikii ze stavebnictvi, vznikaji i rizné petice upozoriujici na problém,
napiiklad, Graz Declaration for Climate Protection in the Built Environment (Graz
Declaration for Climate Protection in the Built Environment, 2019), v CR Deklarace udrzi-
telnosti od Architects for Future (Centrum pasivniho domu, 2020). Opatieni na fondu budov
maji vyznamnou roli i v mitiga¢nich strategiich mést a obci, naptiklad v rdmci Paktu starostt
a primatorti (Covenant of Mayors, 2021).

3.7.1. Puvod emisi sklenikovych plyni v budovach

V soucasnych budovach je vétSinovym zdrojem emisi sklenikovych plynd vyroba energie
pro zajisténi jejich provozu — vyroba tepla na zajisténi vytapéni, vétrani a Gpravu vzduchu,
ohtev teplé vody, vyroba chladu a spotteba chladiv, spotieba elektrické energie na osvétleni
a pomocné energie. Vyznamna je i spotieba energie doméacich spotiebicii. Dal§imi zdroji
emisi sklenikovych plynti jsou emise nepiimo vyvolané provozem budov, naptiklad s externi
vyrobou a dopravou energie (pfedevsim elektfiny a tepla), s dodavkou paliv do budovy (na-
priklad emise spojené s vystavbou a provozem plynovodu, ale i spojené s vyrobou paliv
z obnovitelnych zdroji), dale se jedn4 o emise zptuisobené dodavkou vody ¢i zpracovanim
tekutych i pevnych odpadi.

Dalsi kategorii, kterd nabyva na vyznamu se zvySujici se energetickou efektivitou bu-
dov, jsou takzvané svazané emise sklenikovych plynt. Do této kategorie spadaji emise
sklenikovych plynti vyprodukované nepiimo pii ziskavani surovin, vyrobé, doprave a zabu-
dovani stavebnich materidli do budov a emise spojené s udrzbou, obnovou konstrukci
a odstranovanim staveb po skonceni jejich zivotnosti (LupiSek et al., 2016; Volf et al., 2018;
Rock et al., 2020).

3.7.2. Sledovani produkce emisi sklenikovych plynt v budovach

Produkci sklenikovych plynli je mozné pomérné pfesné¢ monitorovat u stavajicich budov
v provozu na zéklad¢ soupisu realnych spotieb energii a paliv, které maji na celkovych emi-
sich sklenikovych plynt vétSinovy podil. U planovanych novostaveb se produkce
sklenikovych plynti modeluje.
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Monitorované nebo vypoctené spotieby energii a paliv se nasledné ptenasobuji prislusSnymi
celkovymi emisnimi faktory sklenikovych plynti. V zavislosti na pouzité metodice vypoctu
se celkové emisni faktory mohou skladat z dil¢ich emisnich faktori — naptiklad u plynu Ize
uvazovat bud’ pouze pifimé emise, které¢ vzniknou pfti spaleni jednotkového mnozstvi plynu,
ale lze pfipocitavat i emise souvisejici s tézbou a distribuci zemniho plynu a se ztratami na
vedeni. U fosilnich paliv v emisich sklenikovych plyni pfevazuji pfimé emise z jejich spa-
lovani.

protoze se jedna o hodnotu dynamicky se ménici v Case, protoze zavisi na aktualnim ener-
getickém mixu v pfislusné rozvodné siti. V ptipadé lokalnich distribucnich siti zalozenych
na kogeneracnich jednotkach mtize zaviset na vyuziti odpadniho tepla a konkrétni alokaci
emisi mezi vyrobenou elektfinu a teplo.

V ptipad¢, ze se jedna o realné odbéry, miize informace o emisnich faktorech za urcité
uplynulé obdobi poskytnout piimo dodavatel elektfiny (jedna se o tzv. trzni emisni faktor).
Zaroven je dnes mozné si u nékterych dodavateli nasmlouvat odbér elektiiny vyhradné z
obnovitelnych zdroju (s certifikdtem auditora potvrzujicim soucasnost vyroby a spotieby).

V ptipadé, ze neni k dispozici informace od dodavatele, nebo se jedna o model budovy
ve fazi navrhu, pouzivaji se obvykle jednotné narodni emisni faktory ze statistik, databazi,
nebo z platné legislativy. Je mozné si ovSem vyzadat informaci o emisnim faktoru pro sle-
dované obdobi pfimo od konkrétniho dodavatele elektrické energie (pak hovoiime o tzv.
market-based emisnich faktorech).

Situace mize byt komplikovana i u odbéru dalkového tepla ¢i chladu. Emisni faktory
tepla u CZT se mohou velmi lisit v zavislosti na konkrétni technologii vyroby pfislusného
dodavatele. I zde nastavaji rizné kombinace na kogeneracnich zdrojich, a i v tomto pifipadé
je mozné odebirat teplo vyhradné z obnovitelnych zdrojt. Informace o konkrétnich emisnich
faktorech by mél znat dodavatel energie. Pokud neni informace k dispozici, pouzije se opét
narodni emisni faktor.

3.8. Role fondu budov v narodnich klimatickych mitiga¢nich strate-
giich
Byla provedena reserse dostupnych zdrojt s cilem dosazeni ramcového piehledu o zpiisobu,

jakym vybrané staty uvazuji o plnéni klimatickych zavazkl a jaké strategie voli k jejich
dosazeni a pokud mozno identifikovat roli budov v téchto strategiich.

3.8.1. Postup reserse védeckych publikaci
V roce 2017 byla provedena reserSe odbornych publikaci pomoci vyhledavani v databazi
Web of Science.

Cilem bylo vyhledat publikace, které popisuji roli budov nebo stavebnictvi jako celku
v narodnich ¢i nadnarodnich mitiga¢nich strategiich zmény klimatu a zjistit, jak se k této
problematice stavi evropské staty a velké svétové ekonomiky.
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Zaroven byly nalezeny publikace, které popisuji roli budov v klimatickych mitigacnich stra-
tegiich samospravnich celkt mensich nez narodni staty. U téch nebylo cilem vytvofit detailni
porovnani, ale pouze ziskat obecny piehled s ptiklady statti uvnitt federaci, provincii, kraja,
mést a obci bez presnéjsiho rozliSeni.

Do reserSe nebyly zahrnuty publikace, ke kterym se nepodatilo ziskat plny text.

Klic¢ova slova
Pro vyhledavani byla pouzita tato klicova slova:
— Climate
— Change
— Mitigation
— Plan
— Greenhouse gas emssions
— Building*
— Construction*®
— Construction sector
— Nationally determined contributions

V dubnu 2021 pak byla reSerSe rozsifena o dalsi aktualni publikace.

3.8.2. Vysledky reserse

Na trovni narodniho fondu budov vyzkumnici zkoumali obecny potencidl pro snizeni emisi
sklenikovych plynii a zkoumali rizné cesty, jak sladit vykonnost v oblasti emisi skleniko-
vych plynii s klimatickymi cili Pafizské dohody. Xing a kol. v (Xing et al., 2016) zkoumali
potencialni pfispévek ¢inského rezidencniho sektoru ke klimatickym piispévkim zemé pfti
riznych urovnich uhlikové dan€. Studie vzala rok 2010 jako rok zakladni a modelovala
emise COz pro rok 2020 a pro rok 2030 ve tfech scénafich vyvoje. Byl zjiStén potencial
dosazeni snizeni intenzity emisi COz 0 60-65 % v rozsahu hypotetickych situaci odpovida-
jicich cendm emisi uhliku mezi 44 a 58 USD/t COa.

Yu et al. (Yu ef al., 2018) modelovali fond budov v Indii s ohledem na vyvoj sektoru
budov, véetné¢ zmén HDP, poctu obyvatel, urbanizace, rozsSifovani podlahové plochy, ristu
poptavky po energetickych sluzbach a volby mezi technologiemi a palivy pro jednotlivé
energetické sluzby. Zjistili, ze zavedenim Siroké Skaly politik energetické u€innosti 1ze do
roku 2050 snizit celkovou spotiebu energie v Indii 0 22 % a snizit celkové emise oxidu
uhli¢itého v Indii 0 9 %. Jeong (Jeong, 2017) zkoumal Ctyti scénéie vyvoje sektoru obytnych
budov v Jizni Koreji v letech 2007 az 2030. Bylo zjisténo, Ze navzdory ocekavané silné
poptavce po nové bytové vystavbé existuje v jednom z modelovanych scénéiti potencial pro
snizeni emisi COz0 12,9 % (ve srovnani s 10,7% nartistem ve scénaii zachovani stavajiciho
stavu). V Némecku v roce 2013 Biirger (Biirger, 2013) analyzoval emise sklenikovych plynt
narodniho fondu obytnych budov v kontextu vyuziti vyvoje stavebnich norem, technologii
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zasobovani teplem a potencialu obnovitelnych zdroji energie. Byly analyzovany tfi dlouho-
dobé scénafe vyvoje némeckého stavebniho fondu do roku 2050 a porovnany s emisnim
rozpoctem, ktery byl tehdy pro Némecko k dispozici. Na zaklad¢ vysledkt autofi vyzvali k
urychlenému zavedeni dal$ich diraznych opatieni na ochranu klimatu. Prace byla déle roz-
pracovana a popsana v praci Klimaneutraler Gebadudebestand 2050 (Biirger et al., 2016,
2019), kterd simulovala scénaie snizeni emisi sklenikovych plynti o -35 %, -50 % a -65 %
do roku 2050.

Frischknecht a kol. (Frischknecht et al., 2020) provedli komplexni analyzu uhlikové
stopy Svycarského realitniho sektoru. Vysledky ukézaly, ze fdze uzivani budov predstavuje
pouze dvé tietiny celkovych emisi sklenikovych plynt v tomto odvétvi, zatimco dalSich 30
% je zpusobeno dodavatelskymi fetézci budov, pficemz konstatovali, ze relativni vyznam
svazanych sklenikovych plynii roste — coz bylo také zjisténo Setfenim na ptipadovych studi-
ich budov (Rock et al., 2020).

Kranzl a kol. (Kranzl et al., 2019) analyzovali scénare snizovani emisi sklenikovych
plynti z modelu zdola nahoru fizeného politikou, ktery byl nedavno zaveden pro evropské
zemé v osmi projektech EU a narodnich projektech (véetné tidajii pro Cesko), porovnali je
mezi sebou pomoci riznych ukazatelii a analyzovali, zda by scénate vedly k dosazeni snizeni
emisi sklenikovych plynil v rozmezi 85-95 % do roku 2050. Vysledky ukazaly, Ze scénare
oznacené jako ambiciozni pro nékolik ¢lenskych stati EU dosahuji do roku 2050 snizeni
emisi sklenikovych plynii 0 56-96 %. Pouze 27 % téchto ambicidznich scénéit vSak dosa-
huje snizeni emisi nad 85 %.

V Ceské republice jsme (Lupisek, 2019) diive zkoumali pét scénait vyvoje Eeského
narodniho fondu budov modelovanim kumulativnich emisi CO; v obdobi 2015-2030, 2031-
2050 a 2051-2075 a porovnavali je se zpravou OSN o emisnich mezerach (UNEP, 2016).
Vychazeli jsme pfitom z diive vytvorenych modelt spotfeby energie ¢eského bytového a
nebytového fondu budov, které ve dvou scénafich zohlednovaly i budouci zmény klimatic-
kych podminek v dasledku zmény klimatu. Jeho nejprogresivnéjs$i scénat predpokladal
snizeni emisi CO2 do roku 2075 o 66 %. Zadny z modelovanych scénaiti nebyl shledan ne-
dosahoval Grovn¢ pozadované v Patizské dohod¢.

Dalsi publikaci, ktera se v nedavné dob¢ zabyvala emisemi sklenikovych plynt v Ces-
kych budovach, je zprava Cesty k dekarbonizaci Ceské republiky (Hanzlik et al., 2020).
Predstavuje ndkladové optimalni cestu dekarbonizace statu (v€etn€ budov) se snizenim emisi
sklenikovych plynti o 31 % do roku 2030 a 0 97 % do roku 2050.

3.9. Dostupné definice uhlikové neutralni budovy

V méftitku jedné budovy se stale vice literatury zaméfuje na teorii snizovani emisi skleniko-
vych plyni (GHG) z budov. Nékteré studie se pokusily sladit navrhovani budov s
priubéznymi cili Pafizské dohody (Chandrakumar ef al., 2019; Palensky and Lupisek, 2019)
a fada praci informuje o pokroku v oblasti budov s nulovymi emisemi sklenikovych plynt,
véetné tzv. klimaticky neutrdlnich (Musall, 2015), uhlikové neutralnich (Carruthers and
Casavant, 2013) a bezemisnich (Haase et al., 2011; Moschetti, Brattebg and Sparrevik, 2019;
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Liitzkendorf and Frischknecht, 2020) budov. Riizné definice a pfistupy byly diskutovany na
71. féru LCA v roce 2019 (Frischknecht ef al., 2019) a nedévno je shrnuli Satola a jeho tym
(Satola et al., 2021), ktery analyzoval definice emisni narocnosti budov a jejich ptislusné
cile.

3.10. Priklady pripravované legislativy regulujici provozni a svazané
emise sklenikovych plyni v budovach

Z evropskych zemi jsou v pfipravé zavedeni legislativy regulujici provozni a svazané emise
sklenikovych plynti v budovach nejdéle severské zemé.

Finska vlada si vytknula ambiciézni cil dosazeni klimatické neutrality jiz v roce 2035.
Budovy chépe jako vyznamny segment, ktery je potifeba k dosazeni tohoto cile zohlednit.
Finsko planuje v roce 2025 zavedeni limith emisi sklenikovych plynti (Kuittinen and
Hikkinen, 2020), ve kterych se bude uvazovat cely zivotni cyklus budovy. Pocitat se bude
pomoci zjednodusené metodiky LCA. Finské vlada zaroven v nejblizSich letech planuje pfi-
pravit a voln¢ zpfistupnit nadrodni databézi svazanych emisi sklenikovych plynda.

Jesté o krok dale jsou pfipravy zavedeni limiti v Dansku. Tamni narodni strategie udr-
zitelné vystavby (Ministry of the Interior and Housing, 2021) obsahuje ambiciozni akéni
plan vedouci k zavedeni limitl na emise sklenikovych plyni v zivotnim cyklu budov jiz
v roce 2023. Zavedeni ptedchézi testovaci obdobi, kdy se provadi hodnoceni dobrovolné.
Od roku 2023 bude platit povinnost ke v§em budovam dolozit vypocet GHG pomoci meto-
diky LCA a pro budovy nad 1 000 m? podlahové plochy bude platit limit 12 kg CO2 ckv./m?a.
Na konci roku 2023 dojde k vyhodnoceni situace a stanoveni zpiisnéni limitu, které zacne
platit od roku 2025 (pfedpoklada se snizeni na 10,5 kg CO, ckv./m?a.). V roce 2025 by limity
mély zacit platit plosn¢ pro vSechny budovy. Dalsi revize a dalsi zpifisnéni limitu bude na-
sledovat periodicky kazdé dva roky.
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4. Analyza fondu budov CR — podil na produkci skleni-
kovych plynti CR a potencial pro jejich snizeni

Tato kapitola je zalozena na ¢lanku Czech Building Stock: Renovation Wave Scenarios and
Potential for CO: savings until 2050 (LupiSek, Trubacik and Holub, 2021), ktery prezentoval
hlavni vysledky studie Potencial pro snizeni provoznich emisi CO; z ceského fondu budov —
Aktualizace cerven 2020 (Lupisek, Trubacik and Holub, 2020). Studie vznikla ve spolupraci
Sance pro budovy (SPB) a Univerzitniho centra energeticky efektivnich budov CVUT
v Praze.

4.1. Cil studie

Studie vychazela z ptedchozich analyz ¢eského narodniho fondu budov (NFB), spotieby
energie v ném, a ze scénaill pro energetické uspory. Cilem této studie bylo navazat na pred-
chozi praci a kvantifikovat pfiblizny potencial Gspor emisi CO2 z provozu NFB podle
aktualnich jednotlivych scénaitt modernizace piipravenych SPB v souladu s pozadavky
dlouhodobé¢ strategie renovace podle ¢lanku 2a smérnice o energetické narocnosti budov
(EU) 2018/844, a dale vyhodnotit mozny ptispévek energeticky ispornych opatreni ve fondu
budov k narodnim emisnim z&vazkiim s ohledem na aktualizované emisni faktory pro
elekttinu, teplo ze systémi dalkového vytapéni a budouci mix plynu v plynovodech.

4.2. Postup

Metody pouzité v této studii k modelovani, vypoctu a vyhodnoceni potencialu uspor provoz-
nich emisi CO2 NFB zahrnovaly nésledujici:

— Definovani scénaiti rozvoje NFB vcetné vychoziho stavu, zejména pokud jde
o plochu, kvalitu a o¢ekavanou miru modernizace a zvyseni poctu novych staveb;

— Zpracovani udaji o spotieb¢ energie v budovach pro obdobi do roku 2050 (po-
drobnosti 0 modelovani udaju jsou uvedeny v oddile nize);

— Definovani scénatii podili zdroji energie na budouci spotiebé energie na vyta-
péni, piipravu teplé vody a osvétleni v budovach v souladu se spotiebou uvedenou
v energetickych prukazech;

— Doplnéni odhadii spotteby energie pro spotiebice a vareni v sektoru bydleni;
— Urceni emisnich faktord CO; pro jednotliva paliva a nosice energie;
— Vypocet provoznich emisi CO2 NFB pro jednotlivé scéndfe modernizace budov;

— Definovani scénaiti rozvoje fotovoltaickych zatfizeni a variantni modelovani emisi
COy;
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— Provedeni analyzy citlivosti s ohledem na budouci snizeni emisnich faktori
elektiiny z narodni sité, tepla ze systémut dalkového vytapéni a plynu z distribucni
Site;

— Vypocet podilu NFB na narodnich provoznich emisich CO> a jeho teoretického
podilu v roce 2050;

— Hodnoceni vysledki s ohledem na narodni zavazky v oblasti klimatu.

4.2.1. Definice scénaii vyvoje ¢eského stavebniho fondu a shrnuti odpovidajici
spotieby energie

Studie vychazela ze Ctyt stavebné-technickych scénatii pro modernizaci NFB. Pro kazdy z

nich byly modelovany dil¢i scénare lisici se strukturou zdroji energie v budovach.
Nasledujici odstavee popisuji ptivod zékladnich tidajti o slozeni NFB, modelovani ko-

necné spotieby energie NFB, Ctyfi scénédie hloubky a tempa energetické modernizace,

projekci podilii energonositelti na konecné spotiebé energie ve Ctyfech scénarich a prognozu

vyvoje fotovoltaiky ptfipojené na budovy a fotovoltaiky integrované do budov (BIPV).

Pivod zakladnich idaju o sloZeni NFB

Udaje o skladbé NFB byly ziskany z nékolika piedchozich zprav vydanych Sanci pro bu-
dovy, zejména ze Setieni bytového fondu CR a potencialu tispor (Antonin, 2016b), Setient
nebytového fondu CR a potencialu vispor (Antonin, 2016a), Strategie modernizace budov
(Holub and Antonin, 2014), jeji aktualizace z roku 2016 (Sance pro budovy, 2016) a Dlou-
hodobé strategie obnovy bytového fondu CR — aktualizace kvéten 2020 (Dlouhodobd
strategie renovace budov v Ceské republice — aktualizace kvéten 2020 [Long-term Strategy
for Renovation of the Buildings in the Czech Republic — May 2020 update], 2020). Data pro
tyto zpravy pochazela z riiznych datovych soubort poskytnutych Ceskym statistickym tia-
dem, zejména z Udajui celostatniho scitani lidu 2011, statistického Setfeni o budovéch s
nazvem ENERGO 2015 a statistického Setfeni o budovach s nazvem Budovy 1-99 z roku
2018. Zakladni tdaje o skladbé NFB jsou podobné tém, které byly pouzity v ptedchozi studii
(Lupisek, 2019).

Modelovani koneéné spotieby energie NFB

Zakladni energeticky model NFB byl vytvoten v roce 2016, proto byl rok 2016 vychozim
rokem, pro ktery byly shromdzdény statistické idaje. Energeticky model se sklada z dil¢ich
modelil bytového a nebytového fondu budov. Ten byl pouzit pro prognézy ro¢nich celko-
vych konec¢nych spotieb energie ¢eskych bytovych a nebytovych budov v letech 2016 az
2075; v této studii byly pouzity datové soubory do roku 2050.

Pro energetické simulace stavajiciho fondu obytnych budov (Antonin, 2016b) byl pouzit
stochasticky energeticky model, ktery vypocital potiebu energie na vytapéni souboru 1 000
simulovanych budov, ktery byl vytvoien ze vzorkli dat budov rozdélenych do 78 kategorii
podle typologie, velikosti a stafi na zaklad¢ statistickych udaji. Vypocty ve vlastnim néstroji
(listy a makra MS Excel) se tidily pravidly danymi normou EN ISO 13790 a uplatiiovaly
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okrajové podminky bézné pouzivané pii vypoctu prukazi energetické narocnosti podle Ces-
kych predpist. Statistické udaje poskytly vstupni udaje pro odhad podilu bytového fondu,
ktery jiz prosSel energetickou modernizaci a ktery byl v roce 2016 odhadnut na 35 %. Zprava
uvadi informace o provedené kalibraci energetického modelu podle dostupnych statistickych
udaji o konecné spotiebe¢ energie fondu budov provedenou porovnanim vypoctené spotieby
energie (52 896 GWh/rok) se statistickymi udaji poskytnutymi Ministerstvem prumyslu
a obchodu CR (47 798 GWh/rok). Kalibrace modelu na statistické udaje byla provedena
snizenim uvazované teploty vnitiniho vzduchu.

Energetické modelovani stavajiciho fondu nebytovych budov (Antonin, 2016a) bylo za-
lozeno na vzorku 100 nebytovych budov s podrobnymi energetickymi simulacemi a na
dalsim vzorku 20 stavajicich budov s podrobnymi udaji o skuteéné spottebé energie. Do
studie byly zahrnuty typologie budov: kancelaiské budovy, administrativni budovy, ob-
chodni budovy, vzdélavaci budovy, kulturni budovy, hotely, restaurace, zdravotnicka
zafizeni, sportovni zafizeni, skladovaci budovy a budovy se smiSenym vyuzitim. Jejich se-
znam a vzorové fotografie jsou uvedeny ve zpravé (Antonin, 2016a), kde jsou v ¢asti 2.1
popsany geometrické charakteristiky vzorku. Oddil 2.3 popisuje vysledky energetického
modelovani, které bylo zpracovano v souladu s narodni vyhlaskou 78/2013 Sb. pouzivanou
pro vypocet prukazi energetické naro¢nosti budov (zékladni scénéf je uveden v grafech a ta-
bulkdch oznacenych jako SS a vizualizovanych ¢ernou barvou). Vysledné udaje o potiebé
energie a kone¢né spotiebé energie jsou uvedeny od strany 13. Kalibrace energetického mo-
delu byla provedena porovnadnim simulovanych spotieb energie se skutecnymi spotfebami
energie dvaceti stavajicich budov. Na zaklad¢ téchto srovnani byl odvozen korekéni vzorec
pro jejich extrapolaci na cely fond nebytovych budov. Byl zaloZen na analyze citlivosti, ktera
urcila klicové parametry: pomér plochy k objemu, pomér mezi sttedni hodnotou U a refe-
ren¢ni hodnotou U pouzitou v metodé vypoctu deklaratorni energetické naro¢nosti, vnitini
teplotou a celkovou ucinnosti otopného systému.

Simulované spotieby energie byly extrapolovany na cely ¢esky nebytovy fond s vyuzi-
tim narodnich statistickych udajii o podilu jednotlivych typt budov na celém fondu budov.

Energeticky model zvazuje rizné hloubky energetickych modernizacnich opatieni; je-
jich kombinace je dale popséna v ¢astech vénovanych scénaitim.

Obytné budovy statisticky modernizované na nizkoenergeticky standard a budovy bez
modernizace byly simulovany pomoci stavebnich zasahii vedoucich ke snizeni potieby ener-
gie na vytapéni a zlepSenim uc€innosti vytapéni v disledku vymény zdroji tepla. Potencialni
uspory z ptipravy teplé vody a osvétleni byly simulovany samostatné.

Modelované nebytové budovy, které byly v niz§im nez soucasném energetickém stan-
dardu, byly simulovany pomoci riznych kombinaci energeticky uspornych zasaht, jako
jsou: Castecné zlepsSeni tepelné technickych vlastnosti obvodovych konstrukci budov; kom-
plexni modernizace obvodovych konstrukci jako celku; vymény zdroji tepla; instalace
systémi mechanického vétrani s rekuperaci tepla; instalace novych systémii obnovitelnych
zdrojii energie.
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Cty¥i scénafe vyvoje NFB podle hloubky a tempa energetické modernizace

Pro tuto studii byly definovéany ¢tyfi scénaie budouciho vyvoje NFB (Tab. 3):

Zakladni scénat, ktery odpovida souasnému stavu politiky bez jakychkoli zlep-
Seni (business as usual);

Vladni scénaf navrzeny v Dlouhodobé strategii obnovy podporujici obnovu na-
rodniho bytového a nebytového fondu vefejnych a soukromych budov, kterou
vydalo Ministerstvo primyslu a obchodu CR, jeZ je zodpovédné za energetickou
a stavebni politiku (Ministry of Industry and Trade of the Czech Republic, 2020);

Progresivni scénar (hloubkova modernizace NFB);

Hypoteticky scénaf (rychld hloubkova modernizace NFB).

Scénate byly definovany pomoci nasledujicich proménnych:

Roc¢ni mira modernizace: procento fondu budov, které se kazdoro¢né¢ modernizuje
(podle kategorie budov; Tab. 4).

Hloubka modernizace: V kontextu studie znamena mélka modernizace, Ze obalka
budovy je modernizovana na pozadované hodnoty U odpovidajici narodni normé
CSN 73 0540; stiedni znamen4, e jsou splnény doporu¢ené hodnoty U; hluboka
znamena hodnoty U ptedepsané pro pasivni domy a vybaveni budovy mechanic-
kym vétranim s rekuperaci tepla. Tab. 3 poskytuje dalsi piehled o typickych
hodnotach U podle hloubky modernizace. Spodni ¢ast Tab. 4 ukazuje rozdéleni
podlahové plochy renovované budovy podle hloubky modernizace. Obr. 10 vizu-
alizuje jednotlivé scénéfe.
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Tab. 3 Hloubka modernizace podle uvaZovanych hodnot U hlavnich stavebnich konstrukci a
vétracich systémi pro energetické modelovani nebytového fondu.

Hloubky modernizace

Typ konstrukce
Mélka Mirna Hluboka

Tepelna kvalita obalky budovy

Typické hodnoty U hlavnich skladeb budov ve W/( m*'K))

Vnéjsi stény 0,30 lehkeé 0,25, tézké 0,20 0,15
Stiechy 0,24 0,16 0,10
Podlaha pod podkro-
vim bez tepelné 0,30 0,20 0,12
izolace
Podlahové kon-
ocanoveRon” 0,24 0,16 0,12
strukce nad exteriéry
Podlahové kon-
strukce nad
L 0,60 0,40 0,25
nevytapénymi pod-
zemnimi podlaZimi
Okna 1,50 1,20 0,90
Dveie 1,70 1,20 0,90
Vétrani
Mechanicky vétraci
Pfirozené vétrani nebo  Pfirozené vétrani nebo systém s rekuperaci
Vétraci systém mechanick¢  vétrani  mechanické  vétrani tepla (Gcinnost
bez rekuperace tepla bez rekuperace tepla  Munesys = 60 %

podle EN 308)
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Tab. 4 Definice ¢tyF scénaia vyvoje NFB

Kategorie Hloubka Scénar
budov modernizace Zikladni Vladni  Progresivni Hypoteticky

Nova vystavba a demolice: ro¢ni narist podlahové plochy *

Rodinné domy 1,11 % LL11% LL11% 1,11 %
Bytové domy 0,46 % 0,46 % 0,46 % 0,46 %
Nereziden¢ni budovy 0,96 % 0,96 % 0,96 % 0,96 %
Ro¢ni mira modernizace podle kategorii (procento fondu budov, které se ro¢né modernizuje)
Rodinné domy 1,40 % 1,40 % 3,00 % 3,00 %
Bytové domy 0,79 % 0,79 % 2,00 % 3,00 %
Nereziden¢ni budovy 1,40 % 2,00 % 2,50 % 3,00 %
RozloZeni podlahové plochy renovovanych budov podle hloubky modernizace a jejich ¢asové
rozloZeni

Postunny Linearni nariist Linearni nartst Hvpoteticky
ostupn otetic
phy od vychoziho  od vychoziho P Y

Podily hloubky modernizace pokles, sta- skok v roce
odle kategorii budov bilni po celé stavudoroku  stavu do roku 2020 a poté
P g P 2025, poté sta- 2025, poté sta- ba
obdobi ** bilni bilni stabilni stav
ilni. ilni.
Mélka 35% 20 % 5% 5%
Rodinné d
B"t(:":flo:;my Mirn 38 % 40 % 10 % 10 %
ytov y
Hluboka 27 % 40 % 85 % 85 %
Mélka 31 % 20 % 5% 5%
Rodinné d
B"t(:":flo:;my Mirn 50 % 40 % 10 % 10 %
ytov y
Hluboka 19 % 40 % 85 % 85 %
Mélka 27 % 20 % 5% 5%
Rodinné domy Mirna 44 % 40 % 10 % 10 %
Hluboka 30 % 40 % 85 % 85 %

* Uvazovana mira demolice: rodinné domy 0,2 %, vicegenera¢ni domy 0,1 %, nebytové budovy 0,2
%. ** Vychozi podily hloubek modernizace z databaze ENEX, ktera shromazd’uje tdaje z energe-
tickych certifikati uvedenych pro ucely "vétsi renovace stavajici budovy", pfevzato z (Ministry of
Industry and Trade of the Czech Republic, 2020).
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Vyvoj struktury fondu budov dle Zakladniho scénare
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Vyvoj struktury fondu budov dle Realného scénare
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Vyvoj struktury fondu budov dle Progresivniho scénafe

SN2 23S ES83885523888582385¢83%8 g
5888880088588 8¢E 8 3¢8¢8¢88833838488388°¢8
Vyvoj struktury fondu budov dle Hypotetického scénare
100%
90%
80%
70%
60%
50%
40%
30%
20%
10%
0%
§5E8E588838888882828¢83¢8¢833¢8838838¢8¢%
M podlahova plocha nezrenovovanych budov [mil. m2] B podlahova plocha mélce zrenovovanych [mil. m2]
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Obr. 10: Modelované podily nerenovovanych, mélce renovovanych, stredné renovovanych a hlu-
boce renovovanych budov v celéem NFB (podle podlahové plochy budov).



Z energetického modelu byla ziskana ro¢ni konec¢na spotteba energie pro bytové a nebytové
budovy v letech 2016 az 2050. Tab. 5 uvadi vybrané udaje.

Tab. 5 ZjednoduSeny prehled ro¢ni spotieby konecné energie v PJ ziskany z energetického
modelu, ktery byl pouZit pro modelovani emisi oxidu uhli¢itého v NFB.

Scénar 2016 2030 2040 2050
Reziden¢ni budovy
Zakladni 234 219 204
Vladni 953 232 214 196
Progresivni 206 154 126
Hypoteticky 179 126 115
Nereziden¢ni budovy
Zakladni 117 109 102
Vladni 125 113 102 93
Progresivni 107 94 86
Hypoteticky 98 85 &3

Protoze energeticky model pouzity pro obytné budovy nezahrnoval spotiebu energie na va-
feni a domaci spotiebice, byly tyto spotiebi¢e nakonec doplnény v roénim mnozstvi 15,5 PJ
pro domaci spotiebice (v elektfin€) a 15,0 PJ pro vateni (stejny podil elektfiny a zemniho
plynu). Tyto hodnoty byly uvazovany pro kazdy modelovany rok konstantni.

Projekce podilii nosi¢i energie na konecné spotiebé energie ve ¢tyfech scénarich

Projekce podilti nosici energie byly stanoveny zvIast’ pro bytovy a nebytovy fond budov pro
roky 2016 a 2050 a hodnoty pro mezilehlé roky byly linearn¢ interpolovany. Zakladni hod-
noty pro rok 2016 byly stanoveny na zakladé analyzy vyse uvedenych zdrojii Ceského
statistického utadu. Hodnoty pro rok 2050 byly definovany na zaklad¢ narodnich energetic-
kych zavazki analyzou ndrodnich strategickych dokumentt, které v nedavné dobé zvetejnilo
Ministerstvo primyslu a obchodu CR, zejména Ndrodniho energetického a klimatického
planu Ceské republiky (Ministry of Industry and Trade, 2020). Definice podilu obnovitel-
nych zdrojui energie vychazela ze zprav Ceské komory obnovitelnych zdroji energie
zabyvajicich se potencialem obnovitelnych zdrojt energie v budovach a ze zpravy Cesko na
cesté k uhlikové neutralit¢ (Komora obnovitelnych zdroji energie, 2020). Uvazované podily

energetickych nosi¢i a zdroji jsou shrnuty v Tab. 6. Fotovoltaikou se zabyva nasledujici
oddil.
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Tab. 6 UvaZované podily energetickych nosicii a zdroji na kone¢né spotiebé energie ve ¢tyi‘ech

scénarich.

Scénar Zakladni Vladni  Progresivni  Hypoteticky
Nosi¢/zdroj energie 2016 2050 2050 2050 2050
Reziden¢ni budovy
Topné oleje 0% 0% 0% 0% 0%
Zemni plyn 30 % 25% 26 % 23 % 22 %
Uhli 12 % 10 % 3% 0% 0%
Biomasa (bez pelet) 20 % 25% 20 % 15% 12 %
Pelety 0,3 % 4% 9% 14 % 16 %
Dalkové vytapéni 17 % 16 % 16 % 15 % 15 %
Elektiina 19 % 10 % 11 % 8% & %
Solarni kolektory 0,3 % 2% 4% 6 % 7%
Tepelna ¢erpadla 1% 9% 12 % 19 % 21 %
Nereziden¢ni budovy
Plynova kogenerace 2% 2% 2% 2% 2%
Zemni plyn 27 % 26 % 23 % 22 % 22 %
Uhli 0,2 % 0,2 % 0% 0% 0%
Biomasa (bez pelet) 0% 0% 0% 0% 0%
Pelety 0,3 % 4% 8 % 8% 9%
Dalkové vytapéni 29 % 28 % 25 % 25 % 25%
Elektiina 42 % 39 % 36 % 36 % 35%
Solarni kolektory 0,2 % 2% 4% 4% 4%
Tepelna ¢erpadla 0% 0,2 % 3% 3% 3%

Prognoéza vyvoje BIPV

Scénaie vyroby elekttiny z BIPV se v ramci scénarii 1isi. Zakladnim rozdilem je hloubka
modernizace: ¢im hlubsi je modernizace, tim vétsi je pfedpoklad preference komplexnéjSich
projektu, a tedy i instalace fotovoltaického systému. Scénéaie byly sparovany se scénafi z do-
kumentu Potencial vyuziti obnovitelnych zdroji energie v budovach (2018) poskytnutého
Ceskou komorou obnovitelnych zdrojii energie, ktery zkoumal technicky potencial pro
BIPV. Vychézelo se z optimélni orientace a sklonu, coZ je v Cesku jizné orientovana plocha
se sklonem 35°. Pro instalaci BIPV byly uvazovany plochy stiech, které maji nizsi energe-
ticky vynos nez 20 %, a stén niz$i nez 40 % oproti optimalni poloze, pficemz za maximalni
vyuzitelnou plochu na stfechach pro BIPV je povazovano 40 % a u stén orientovanych na
jih pouze 20 % plochy. Rovnéz se ptedpokladalo, ze 30 % budov neni pro instalaci fotovol-
taickych panelti vibec vhodnych z divodu zastinéni vegetaci, jinymi budovami nebo
z diivodu zdkonnych omezeni ¢i pamatkové ochrany. Uvazovana ucinnost fotovoltaickych
panelil byla 18 %. Vysledné vyroba elekttiny z BIPV je uvedena v Tab. 7.
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Tab. 7 UvaZované ro¢ni mnoZzstvi vyroby elektiiny v GWh z fotovoltaickych zatizeni pripoje-
nych k budoviam a integrovanych do budov. Hodnoty pro mezilehlé roky byly linearné
interpolovany

Sektor Scénar 2016 2030 2040 2050
~_ Zakladni a vlidni 262 2944 4710 6477
Esz'odveyncm Progresivni 262 5561 8995 12430
Hypoteticky 262 5414 9707 14 000

.. ., Zakladni a vladni 140 1 560 2 490 3420
:s;f)zv';e“cm Progresivni 140 2940 4755 6570
Hypoteticky 140 3129 5265 7400

i Zakladni a vladni 402 4 504 7200 9 897
Eszi""d Progresivni 402 8501 13750 19000
Hypoteticky 402 8543 14971 21400

4.2.2. Vypoclty emisi CO; ve scénarich
Postup vypoctu mnozstvi emisi CO2 zahrnoval tyto kroky:

— Na zaklad¢ vstupnich ro¢nich datovych soubord pro celkovou spotiebu energie
pro bytovy a nebytovy fond ve ¢tyfech scénarich (idaje pro roky 2016, 2030, 2040
a 2050 jsou uvedeny v Tab. 5);

— Rozdé¢leni celkové spotieby energie na jednotlivé nosice energie a zdroje energie
podle Tab. 6;

— Rozd¢leni vyroby elektfiny z BIPV pro kazdy rok podle Tab. 7;
— Vynésobeni spotieby energie odpovidajicim emisnim faktorem (nize);

— Soucet vyslednych emisi pro kazdy rok ve ¢tyfech scénatich.

4.2.3. Predpoklady o emisnich faktorech

Emisni faktory CO: pro paliva byly ziskdny z Narodni inventarizacni zpravy (Krtkova,
Miillerova and Saarikivi, 2020; Ministertsvo zivotniho prostiedi, 2020). Pro emisni faktor
elektiiny ze sité nebylo k dispozici zddné jednotné oficidlni ¢islo. Na zéklad¢ analyzy do-
stupnych zdroji (European Environmental Agency, 2017; Koffi et al., 2017; IEA, 2019)
a konzultaci se zastupci Ministerstva zivotniho prostiedi jsme stanovili emisni faktor na
0,6t COyMWh.

Rozhodovani o jednotném emisnim faktoru pro teplo ze systémut dalkového vytapeni je
obtizné, protoze emisni faktory jsou mistné specifické a pouzita paliva zavisi také na Gcin-
nosti zdroje tepla, ztratach v systému a v ptipad¢ kogenerace na rozdé€leni vyprodukovanych
emisi mezi vyrobené (a nékdy i zmatené) teplo a elektfinu. Byly zohlednény riizné zdroje
relevantnich informaci (Euroheat, 2006; Ecoheat4Citites, 2012; Spitz and Harnych, 2017;
Bundesamt fiir Wirtschaft und Ausfuhrkontrolle, 2019); pro teplo ze systémt CZT byla zvo-
lena hodnota 0,3 t CO2/MWh.
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Emise z plynovych kogeneracnich jednotek byly ptiblizn€ vyjadfeny snizenim emisniho fak-
toru spalovani zemniho plynu na polovinu. Pfi vypoctech emisi z tepelnych Cerpadel byl
uvazovan prumérny koeficient ucinnosti 3,0 a jako nosic energie elektiina ze sité (vysledny
emisni faktor byl tedy tfetinovy oproti emisnimu faktoru elekttiny).

Vypocet predpokladal, ze elektfina vyrobena na misté z BIPV usetii elektfinu, ktera by
jinak musela byt vyrobena v centralizovanych zdrojich dodavajicich energii do narodni elek-
trické sité. Proto byla mnozstvi energie vyrobend z fotovoltaiky vyndsobena emisnim
faktorem pro elektiinu ze sit¢ a odectena od celkovych hodnot za kazdy rok.

U biomasy jsme v souladu s ceskymi metodami energetického auditu predpokladali udr-
zitelné hospodareni v lesich a zjednoduseni vedouci k nulovému emisnimu faktoru. Podobné
byl nulovy emisni faktor pouzit pro teplo ze solarnich termickych kolektort (bez zohlednéni
svazanych dopadl a zanedbani potiebné pomocné energie).

Emisni faktory CO2 pouzité pti vypoctu jsou shrnuty v Tab. 8.

Tab. 8 Emisni faktory CO; pouzité ve vypoctech v tunach CO./MWh

. . UvaZovany emisni faktor
Palivo nebo energonositel

(t CO/MWh)
Uhli 0,35
Topné oleje 0,26
Zemni plyn 0,20
Biomasa 0,00
Teplo ze solarnich kolektoru 0,00
Elektiina ze sité 0,60
Elektiina vyrobena na misté z BIPV (—)0,60
Teplo ze systému dalkového vytapéni 0,30
Energie z kombinované vyroby elektiiny a tepla z plynu 0,10
Teplo z tepelnych cerpadel 0,20

Vzhledem k nejistotdm ohledné emisnich faktorii a ptedpoklddanému budoucimu snizeni
nékterych z nich s ofekavanou dekarbonizaci ¢eské energetiky byla provedena citlivostni
analyza, jak je popsano nize.

4.2.4. Analyza citlivosti zohlediiujici budouci sniZeni emisnich faktori
elektiiny ze sité, tepla ze systému dalkového vytapéni a plynu z distri-
buéni soustavy

Vzhledem k nejistotdm ohledné emisnich faktort pro elektiinu, dalkové teplo a mozny bu-
douci vyvoj skladby zdroju plynu byla provedena analyza citlivosti pro rok 2050. Analyza
citlivosti byla provedena jak bez zohlednéni BIPV, tak s nim. Netesili jsme technicky nebo
pravni potencial emisnich faktorti — citlivostni analyza byla provedena pouze za ticelem uka-
zat scénare "co kdyby".

Utinky potencialniho snizeni emisnich faktorii byly zkoumany samostatné. U elektiiny
ze sit€ bylo pouzito snizeni emisnich faktorti o 67 % a 33 % z piivodni hodnoty 0,6 na 0,4
a 0,2 t CO/MWh. To zohlediiuje moznou budouci dekarbonizaci elektrické sité (na trovni
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energetickych spolecnosti). U dalkového vytapéni bylo pouzito sniZzeni emisnich faktort
0 75 % a 50 %, tj. z vychozi hodnoty 0,3 na hodnoty 0,225 a 0,15 t CO2/MWh. To zohlediuje
moznou budouci vyménu uhelnych zdrojii za plyn nebo biomasu. Pro plyn bylo pouzito sni-
zeni emisniho faktoru na 90 % a 80 %, tj. z ptvodni hodnoty 0,2 na hodnoty 0,18
a 0,16t CO/MWh. To odrazi mozné budouci vtla¢eni bioplynu do distribu¢ni soustavy
nebo syngasu vyrabéného pomoci piebyte¢né nizkoemisni elektfiny z obnovitelnych zdroju
nebo jadra. Ve druhém kroku bylo toto snizeni emisnich faktort pfifazeno dvéma variantnim
scénaftim snizeni emisnich faktort, jak je popsano v Tab. 9.

Tab. 9 Variantni scénare emisnich faktort CO; (EF) pouZité v analyze citlivosti pro elektfinu,
teplo ze systémiu dilkového vytapéni a plyn ze systémii distribuce plynu pro rok 2050 v metric-
kych tunach CO,MWh.

Emisni faktory pro variantni scénaie pro rok 2050

. . (t CO,/MWh)
Palivo nebo energonositel EF1
, , EF2 EF3
(vychozi stav)
Elektiina ze sité 0.600 0.400 0.200
Teplo ze systému dalkového vytapéni 0.300 0.225 0.150
Plyn z distribu¢ni soustavy 0.200 0.180 0.160

4.3. Vysledky

4.3.1. Vysledky vypoctenych emisi CO; ve scénarich

Vysledné emise podle scénafil jsou uvedeny v nésledujicich tabulkach. Tab. 10 uvadi emise
dosazitelné energeticky ucinnou modernizaci budov pro kazdy jednotlivy scénéf, tj. zlepSe-
nim kvality obvodovych plastt budov, nahrazenim zdroji uc¢inngj$imi, pouzitim uc¢innych
fidicich systémil a pouzitim mechanického vétrani s rekuperaci tepla, avSak bez instalace
fotovoltaickych systémii. Tab. 11 zahrnuje také BIPV. Pro zjednoduseni nejsou v tabulkach
uvedeny hodnoty pro jednotlivé roky mezi rokem 2016 (ktery byl zékladnim rokem energe-
tického modelu) a rokem 2050, ale pouze pro roky 2016, 2030, 2040 a 2050.
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Tab. 10 Vysledné emise CO; z provozu ¢eského fondu budov pro jednotlivé scénafe bez zo-

hlednéni BIPV. Hodnoty jsou uvedeny v Mt COyrok.

. Rok
Segment Seendr 2016 2030 2040 2050
Zakladni 20,3 18,2 16,2
Rezidentni Vladni 230 19,7 17,2 14,9
Progresivni ’ 17,5 13,0 10,4
Hypoteticky 15,8 11,4 9.9
Zakladni 12,5 11,5 10,5
Vladni 11,7 10,1 8,9
Nereziden¢ni L 13,7
Progresivni 11,1 9,3 8,1
Hypoteticky 10,1 8,3 7,7
Zakladni 32,8 29,6 26,7
Vladni 31,4 273 23,8
Cely fond budov Progresivni 36,9 28,5 223 18,5
Hypoteticky 26,0 19,8 17,7

Tab. 11 Vysledné emise CO; z provozu Ceského stavebniho fondu pro jednotlivé scénare zo-

hlediiujici vyrobu elektiiny z BIPV na misté. Hodnoty jsou uvedeny v Mt CO:/rok.

Segment Scénar Rok
2016 2030 2040 2050
Zakladni 18,5 15,3 12,3
] i Vladni 17,9 14,4 11,0

Reziden¢ni ., 23,1

Progresivni 14,1 7,6 2,9
Hypoteticky 12,6 5,6 1,5
Zakladni 11,5 10,0 8.4
Nebytové pro-Vladni 13.6 10,8 8,6 6,8
story Progresivni ’ 9,3 6,5 4,2
Hypoteticky 8,3 5,2 33
Zakladni 30,0 25,3 20,8
Cely fond budoy * 4™ 36,7 28,7 230 178
Progresivni 23,4 14,0 7,1
Hypoteticky 20,8 10,8 4,8

Vysledky vypoctu ukazuji potencidl snizeni provoznich emisi CO2 NFB do roku 2050 bez

zohlednéni fotovoltaiky v rozmezi ptiblizné 27,6 % v zédkladnim scénafi a 52,0 % v hypote-

tickém scénafi ve srovnani s rokem 2016. Zahrnuti BIPV umoziuje celkové snizeni emisi
COyyrozmezi od 43,6 % do 86,9 %. Vysledky jsou na Obr. 11.
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Modelovy vyvoj mnoZstvi emisi v sektoru budov s rozvojem fotovoltaiky [Mt CO2]
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Obr. 11 Modelovany vyvoj mnozstvi provoznich emisi CO; ceského stavebniho fondu vietné zohled-

neni BIPV (uvazovany konstantni emisni faktory v Mt CO;). Prerusované cary predstavuji nebytovy

fond budov, ¢arkovane cary predstavuji bytovy fond budov a plné cary znazornuji celkové hodnoty
pro cely NFB. Cervend ¢dra piedstavuje emisni cil pro rok 2050 pro celou NFB.

4.3.2. Vysledky analyz citlivosti podle scénare

V nésledujicich tabulkéch jsou uvedeny vysledky analyzy citlivosti hodnot provoznich emisi
COz v roce 2050. Ukazuji citlivost na emisni faktory elektfiny ze sité, z distribuce, resp.
Z dalkového vytapéni. Citlivost na kombinace emisnich faktori podle kombinovanych vari-
ant EF1-EF3 je uvedena v Tab. 15.

Tab. 12 Citlivost vyslednych emisi CO;z provozu NFB na hodnotu emisniho faktoru elektiiny
v roce 2050 pro jednotlivé scénai‘e. Hodnoty jsou uvedeny v Mt CO,/rok.

Elektiina Bez BIPV S BIPV

Emisni faktor (t CO2/MWh) 0,6 0.4 0,2 0,6 0.4 0,2

Zakladni 16,2 13,4 10,6 12,3 10,8 9,4

o, Vladni 14,9 12,0 9,2 11,0 9,5 7,9
Rezidenc¢ni .,

Progresivni 10,4 8,1 5,9 2.9 32 34

Hypoteticky 9,9 7,7 5,5 1,5 2,1 2,7

Zakladni 10,5 8,3 6,1 8,4 6,9 5,4

o Vladni 8,9 7,0 5,1 6,8 5,6 4,4
Nereziden¢ni L

Progresivni 8,1 6,4 4.6 42 3,8 33

Hypoteticky 7,7 6,1 4,4 3,3 3,1 2,9

Zakladni 26,7 21,7 16,7 20,8 17,8 14,8

i Vladni 23,8 19,0 14,2 17,8 151 12,3
Cely fond budov .,

Progresivni 18,5 14,5 10,5 7,1 6,9 6,7

Hypoteticky 17,7 13,8 9,9 4,8 5,2 5,6
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Tab. 13. Citlivost vyslednych emisi CO:z provozu NFB na hodnotu emisniho faktoru plynu
z distribuéni soustavy v roce 2050 pro jednotlivé scénaie. Hodnoty jsou uvedeny v Mt CO»/rok.

Plyn Bez BIPV S BIPV
Emisni faktor plynu 0,20 0,18 0,16 020 0,18 0,16
(t CO/MWh)
Zakladni 16,2 150 156 123 120 117
o Vladni 14,9 146 143 1,0 10,7 10,4
Rezidenc¢ni
Progresivni 10,4 10,2 10,0 2,9 2,7 2,5
Hypoteticky 9,9 9.8 9,6 1,5 1.4 1,2
Zakladni 10,5 103 102 84 83 81
. Vlidni 8,9 8,8 8,6 68 67 66
Nerezidentni 5 ogresivni 8.1 8,0 7,9 42 41 40
Hypoteticky 7,7 7,6 7,5 33 32 3,1
Zakladni 26,7 262 258 208 203 198
Cet fond budoy V4™ 23,8 233 229 178 174 17,0
Progresivni 18,5 18,2 17,9 7,1 6,8 6.5
Hypoteticky 17,7 17,4 17,1 48 46 43

Tab. 14 Citlivost vyslednych emisi CO:z provozu NFB na hodnotu emisniho faktoru tepla ze
systému dalkového vytapéni v roce 2050 pro jednotlivé scénaie. Hodnoty jsou uvedeny
v Mt CO/rok.

Dalkové vytapéni Bez BIPV S BIPV
Emisni faktor tepla ze systému
dalkového vytapéni 0,300 0,225 0,150 0,300 0,225 0,150
(t CO2/MWh)
Zakladni 16,2 15,6 14,9 12,3 11,7 11,0
e, Vladni 14,9 14,3 13,6 11,0 10,4 9,8
Rezidenc¢ni
Progresivni 10,4 10,0 9.6 2,9 2,6 2,2
Hypoteticky 9,9 9,6 9,2 1,5 1,2 0,8
Zakladni 10,5 9,9 9,3 8,4 7,8 7,2
o, Vladni 8,9 8,4 7,9 6,8 6,3 5,9
Nerezidentni — ogresivni 8.1 77 12 42 37 33
Hypoteticky 7,7 7,3 6,9 33 2,9 2,4
Zakladni 26,7 25,4 24,2 20,8 19,5 18,3
Cely fond budoy Vladni 23,8 22,7 21,6 17,8 16,7 15,6
Progresivni 18,5 17,7 16,9 7,1 6.3 5,5
Hypoteticky 17,7 16,9 16,1 4.8 41 33
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Tab. 15. Citlivost vyslednych emisi CO;z provozu NFB na kombinaci zlepSenych emisnich fak-
tort v roce 2050 pro jednotlivé scénare. Hodnoty jsou uvedeny v Mt COa/rok.

Kombinace Bez BIPV S BIPV
Scénar emisi EF1 EF2 EF3 EF1 EF2 EF3
Zakladni 16,2 12,5 8,7 12,3 99 74
o, Vladni 14,9 11,1 7,3 11,0 85 6,0
Rezidenc¢ni
Progresivni 10,4 7,5 4.7 2.9 26 22
Hypoteticky 9,9 7,2 4.4 1,5 1,6 1,6
Zakladni 10,5 7,5 4,6 8,4 6,2 39
Nerezidenéni Vladni 8,9 6,4 3,9 6,8 50 32
Progresivni 8,1 5,8 3,5 4,2 32 22
Hypoteticky 7,7 5,6 34 33 26 19
Zakladni 26,7 20,0 133 20,8 16,0 11,3
Cely fond budoy Vladni 238 17,5 11,1 17,8 13,5 9,1
Progresivni 18,5 134 8.2 7,1 58 44
Hypoteticky 17,7 12,7 7,8 4.8 42 35
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5. Vyhodnoceni potencialu uspor sklenikovych plynii na
provozu fondu budov CR z pohledu narodnich za-
vazki v oblasti ochrany klimatu

5.1. Vychodiska

Abychom bylo mozné vyhodnotit vysledky studie s ohledem na narodni klimatické zavazky,
bylo nutné shrnout vstupni idaje tykajici se narodnich klimatickych zavazki. Ceska repub-
lika se ve své Politice ochrany klimatu zavézala snizit emise sklenikovych plynti nejméné
0 80 % oproti roku 1990 (Ministerstvo Zivotniho prostiedi Ceské republiky, 2017). Nedavno
Ceska vlada podpotila uhlikovou neutralitu EU jako celku do roku 2050 a vyjadtila ochotu
zavazat se k narodnimu snizeni emisi o 95 % do roku 2050, ale toto prohlaseni zatim nebylo
zhmotnéno do zadné nérodni politiky. Podle Ndrodniho energeticko-klimatického planu
Ceské republiky (Ministry of Industry and Trade, 2020) vyprodukovala Ceska republika
v roce 1990 celkem 194,35 Mt COz cky. (bez zohlednéni LULUCF a odpadit). Do roku 2016
se tyto emise snizily na 124,02 Mt COzekv. Splnéni zavazku si vyzada snizeni ro¢nich emisi
na 38,87 Mt CO2 k.

V této studii nebyly k dispozici Gplné lokalizované emisni faktory pro potencial global-
niho oteplovani, proto byly uvazovany pouze emise oxidu uhli¢itého. Piehled produkce
sklenikovych plynt podle jednotlivych plynt poskytuje Narodni inventarizacni zprava
Ceské republiky z roku 2020 (Krtkové, Miillerové and Saarikivi, 2020). Pro emise CO2 v CR
vroce 1990 uvadi hodnotu 164,2 Mt. Uvazujeme-li teoreticky rovnomérné rozdéleni narod-
niho z4dvazku mezi sledované sklenikové plyny a sektory (pfi pouziti metody rovnomérné
kontrakce), znamena zavazek 80% snizeni produkce CO: do roku 2050 o maximalng
32,8 Mt. V roce 2016 ¢inila tato produkce 106,6 Mt CO2, do roku 2050 je tedy nutné snizit
ro¢ni produkci emisi CR o dalgich 73,8 Mt CO,.

Vysledky této studie ukazaly, ze fond budov vyprodukoval v roce 2016 celkem
36,9 Mt CO,, coz znamend, ze provoz fondu budov se na celkovych nérodnich emisich po-
dilel pfiblizn¢ 34,6 %. Maximalni cilovd hodnota potiebnd ke splnéni pfiméteného
narodniho emisniho zévazku ptidéleného fondu budov je 11,4 Mt CO; pro rok 2050.

Pro rok 1990 lze zpétné odhadnout emise z fondu budov na 67,25 Mt COz (tento odhad
je vSak velmi neptesny; emise na pocatku 90. let prudce poklesly zejména v disledku utlumu
tézkého pramyslu a hospodarské restrukturalizace).

5.2. Vyhodnoceni

Vysledky vypocti ukazaly, ze modelovany fond budov vyprodukoval v roce 2016 celkem
36,9 Mt CO,, pticemz 23,3 Mt CO pochazelo z reziden¢nich budov a 13,7 Mt CO» z nerezi-
den¢nich budov. Celkova podlahova plocha budov v roce 2016 ¢inila 599,49 mil. m?
a primérna emisni intenzita pro cely fond budov byla 61,6 kg CO,m?rok.
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Ve stejném roce 2016 Cinily narodni emise 106,6 Mt CO», coz znamena, zZe podil provozu
fondu budov na celkovych narodnich emisich ¢inil pfiblizné 34,7 %. Podil reziden¢nich bu-
dov na narodnich emisich ¢inil ptiblizné 21,9 % a podil nereziden¢nich budov 12,9 %.

Pokud jde o ptesnost poskytnutych vysledkill, vypocty emisi zdkladniho scénare byly
zalozeny na udajich o spotiebé energie z energetického modelu, ktery byl kalibrovan na do-
stupné narodni statistiky a na emisnich faktorech uvedenych v Tab. 8. Vstupni hodnoty
tykajici se paliv byly tedy co nejpfesnéjsi; na druhou stranu jsou zdrojem nejistot emisni
faktory elektfiny ze sité a emisni faktor tepla ze systémiit CZT (oba byly zastoupeny pouze
jednim cislem).

Nérodni zévazek prepocteny na emise CO2 yroce 2050 predstavuje celkovou produkci
emisi 32,8 Mt CO;. Pokud budeme pro zjednoduseni predpokladat rovnomérné rozdeleni
odpovédnosti za snizovani emisi mezi sektory ceské ekonomiky, mizeme uvazovat kon-
stantni podil narodnich emisi pro fond budov. To by znamenalo, Ze cilové maximalni rocni
emise COz z provozu fondu budov v roce 2050 by ¢inily 11,4 Mt CO,. O¢ekéavana podlahova
plocha budov v roce 2050 byla odhadnuta na 741,02 mil. m?, takze cilova emisni naro¢nost
fondu budov pro splnéni narodniho zavazku byla vypoctena na 15,4 kg CO»/m?rok.

Srovnani hodnot emisi v jednotlivych scénafich s maximalni cilovou hodnotou potieb-
nou ke splnéni narodniho emisniho zavazku ve vysi 11,4 Mt CO; ukézalo, ze zavazek lze
splnit pouze realizaci progresivniho scénate alespon v ptipadé¢ modernizace budov v kombi-
naci s rozvojem fotovoltaiky.

V hypotetickém scénafi by byl cil splnén jiz v roce 2040 a v roce 2050 by se blizil
zavazku plné dekarbonizovat cesky stavebni fond. Zakladni scénai nevede k dostate¢nému
snizeni: dosahuje témét dvojnasobku hodnoty cile pro rok 2050. Vladni scénar pak piekra-
cuje cilovou hodnotu o 56 %.

Pro splnéni emisniho zavazku Ceské republiky je nutné do roku 2050 sniZit roéni na-
rodni produkci emisi o 73,8 Mt CO, V piipadé realizace Hypotetického scénaie
zohledijiciho fotovoltaiku by se ro¢né usettilo 31,9 Mt CO;, coz by ke sniZzeni na narodni
urovni prispélo celkem 43,2 %, tj. vy$Sim podilem nez soucasné emise z budov na celkovych
emisich.

Pokud se v hypotetickém scénafi bez rozvoje fotovoltaiky snizi emisni faktor elektfiny
ze sit€¢ 0 33 % na 0,4 t COyMWh, snizi se emise NFB do roku 2050 o 22,0 % ve srovnani
s modelem s konstantnim emisnim faktorem. V ptipad¢ snizeni o 67 % na 0,2 t COyMWh
by pokles €inil pfiblizné 44,0 %. SniZeni emisniho faktoru tepla ze systému dalkového vy-
tapéni o 25 %, resp. 50 % by snizilo emise o 4,5 %, resp. 9,0 %. Snizeni emisniho faktoru
plynu o 10 %, resp. 20 % by vedlo k poklesu emisi oxidu uhli¢itého o 1,7 %, resp. 3,4 %.
V piipad¢ snizeni emisnich faktorti podle kombinace emisnich faktortit EF2 by snizeni emisi
¢inilo 28,2 %; EF3 by vedlo ke snizeni emisi 0 56,5 %.

V ptipadech, kdy je zahrnuta BIPV a odpocet teoreticky prebyte¢né elektiiny je porov-
navan s emisnim faktorem elektiiny ze sité, je situace méné jasnd, protoze ¢im vyssi je
odecet, tim vyssi je emisni faktor elektfiny a tim rychlejsi je rozvoj fotovoltaiky. V praxi to
znamena, ze s klesajicim emisnim faktorem elektiiny budou celkové emise z budov v roce
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2050 o néco vyssi ve scénafi nejprogresivnej$i modernizace, protoze tento scénaf pocita
i s rychlym rozvojem fotovoltaiky, jejiz vyroba je exportovana do sit¢.

V hypotetickém scénati do roku 2050 Ize celkové emise v odvétvi stavebnictvi snizit az
0 90 % oproti roku 2016 diky integraci fotovoltaiky a zohlednéni kombinace emisnich fak-
tort EF3.

5.3. Diskuse

5.3.1. Nejistoty

Vzhledem k rozsahu energetického modelu bylo v této studii nutné provést fadu zjednodu-
Seni, ktera nevyhnutelné vedou k nejistotam.

Hlavnim zdrojem nejistoty jsou pouzité emisni faktory. Na rozdil od pfedchozi studie
zroku 2016 (Lupisek, 2019) publikované v roce 2019, ktera vychazela z emisniho faktoru
elektiiny ze sité, ktery vychdzel z jiz zastaralé¢ hodnoty 1,17 kg CO2/kWh uvedené v tehdy
platné vyhlasce pro provadéni energetickych auditi, zde byl pouZzit emisni faktor blizsi sta-
tistickym hodnotam pro ¢esky energeticky mix 0,6 kg CO2/kWh, coz je ptiblizn€ polovina
staré hodnoty. To vedlo k vyrazné korekci smérem ke snizeni vyslednych emisi CO>. V bu-
doucich pracich by méla byt zohlednéna zména emisniho faktoru béhem dne a v prabéhu
roku v riznych situacich a mezni emisni faktor by mél byt vypocten pro konkrétni podkate-
gorie narodniho fondu budov, véetné predpovédi budoucich scénait tykajicich se budouciho
slozeni energetického sektoru, flexibility a inteligentniho fizeni energetické sité a flexibility
a inteligentniho fizeni budov (jako ptiklady takovychto studii mohou slouzit prace Kiss et
al. (Kiss, Kacsor and Szalay, 2020) nebo ClauB et al. (ClauB} et al., 2019)).

Dalsim zdrojem nejistoty je skute¢nost, ze emisni faktory nebyly pouzity dynamicky
a nebyly zohlednény nékteré zpétné vazby. Napiiklad snizeni emisnich faktorti pro plyn
i dalkové vytapéni by se melo projevit ve snizeni emisniho faktoru pro kombinovanou vy-
robu elektfiny a tepla v teplarnach.

Emisni faktory pro obnovitelné zdroje energie byly povazovany za nulové, ale ve sku-
te¢nosti tomu tak neni. Napftiklad k ziskani tepla ze solarnich kolektorti je zapotiebi pomocna
energie, kterd byla zanedbana. Podobné byl nulovy emisni faktor pouzit pro biomasu, pro-
toze se predpokladalo, Zze je splnéna podminka obnovitelnosti, coz znamend udrzitelné
pestovani biomasy tak, aby se nespotiebovéavalo vice biomasy, nez je mozné vypéstovat.
Neni vSak jisté, zda bude tato podminka v budoucnu splnéna. Byly rovnéz zanedbany emise
souvisejici s tézbou a zpracovanim biomasy.

Nejistoty v emisnich faktorech byly ¢astecné vyfeSeny provedenou citlivostni analyzou
pro cilovy rok 2050, ktera ukazala, jak se jednotlivé scénatfe chovaji pii uvazovani postup-
ného snizovani emisnich faktort.

Dalsimi zdroji nejistoty jsou piedpoklady budouciho vyvoje podilu zdrojti energie v bu-
dovach, a tedy riznych paliv nebo nosict energie. Definovani jejich scénaifti predchazela
odborna diskuse a analyza dostupnych dokumentii. Odhadli jsme, ze vliv odchylky od pted-
pokladaného podilu zdroji v budovach je mensi nez vliv nepfesnosti emisnich faktora.
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Urcité nejistoty vyplyvaji z povahy vstupnich tdaji o ¢asovém vyvoji konecné spotieby
energie v budovach, které vychazely ze zjednoduseného energetického modelu a ptedpo-
kladi o budoucim vyvoji fondu budov.

Kromeé toho existuji nejistoty v okrajovych klimatickych podminkéch. V ptedchozi stu-
dii z roku 2016 (LupiSek, 2019) byla spotieba energie modelovéana ve dvou klimatickych
scénafich, RCP4.5 a RCP8.5, s cilem uréit dopad zmén klimatickych podminek v Ceské
republice na konecnou spotiebu energie v budovach. S ohledem na ocekévany narust teplot
v obou klimatickych scénéfich byl do energetického modelu doplnén ptedpoklad nartistu
spotieby pro chlazeni a klimatizaci a poklesu spotieby pro vytapéni. Vyslednym efektem
bylo snizeni spotieby energie v jednotlivych scénatich v roce 2050 o 1,7 % az 2,3 % pro
RCP4.5 a 5,5 % az 6,4 % pro RCP8.5 ve srovnani se zdkladnim scénafem. Toto snizeni by
meélo vliv i na emise. Vzhledem k relativné malym rozdilim ve spotfeb¢ a relativni pracnosti
vysledkli modelovani v této aktualizované studii nebyly tyto rozdily zahrnuty.

Energeticky u¢inna modernizace stavebniho fondu bude spojena s produkei souviseji-
cich emisi sklenikovych plynt, které se uvoliuji v disledku tézby surovin, vyroby
stavebnich materidlti a energetickych systémd, jejich dopravy a stavebnich procesii pfi jejich
zabudovani. Tyto svazané emise zatim nebyly diikladné zvazovany, protoze nebyly povazo-
vany za vyznamné ve vztahu k provoznim emisim. Jakmile se vSak podafi snizit provozni
emise z budov na nulu, kombinované emise ze stavebnich vyrobki a systémi TZB se stanou
vyznamngj$imi a vyznamné ovlivni celkovou produkci emisi sklenikovych plynt souviseji-
cich se stavebnim fondem, jak naznacuji nedavné studie (Rock et al., 2020). Dobry ptiklad
riznych materidlovych tivah v takovych analyzach je uveden ve studii kolegli z ETH
(Goswein et al., 2021).

5.3.2. Diskuse vysledkii v kontextu predchozich studii

Ackoli ptedchozi studie z roku 2016 uvadéla podil budov na narodni produkci CO> ve vysi
43 %, tato uptesnéna studie uvadi podil 34,7 %, coz se blizi evropskému praméru 36 %,
ktery uvadi Evropska komise (European Commission, 2019).

Vypocteny potencial snizeni produkce CO, v NFB v roce 2050 se pohybuje od 27,6 %
do 52,0 % bez zohlednéni vyuziti BIPV a od 43,6 % do 86,9 % pii zohlednéni rychlého
vyuziti BIPV. Tyto tidaje nejsou srovnatelné s relativn¢ nizkym potencidlem snizeni emisi
uvadénym z asijskych zemi zminénych v tvodu, kde se ocekava masivni narast fondu bu-
dov. Vysledna ¢isla jsou vSak kompatibilni s rozsahem potencialu uspor sklenikovych plynt
pro rok 2050 z Némecka (35-65 %) (Biirger, 2013; Biirger ef al., 2016, 2019) a s Cisly pre-
zentovanymi (Kranzl et al., 2019) pro Cesko (CZ-ENTRANZE pro rok 2030: 40 %; CZ-
Mapping pro rok 2030 37 %; CZ-Briskee pro rok 2030: 38 %; CZ-Progressh pro rok 2030:
26 %). Zprava neobsahuje ¢eské udaje pro rok 2050, ale udaje pro rok 2050 pro sousedni
Slovensko jsou 72 % (ZEBRA), pro Némecko 70 % (ZEBRA) a pro Polsko 60 % (ZEBRA).
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6. Budovy zohlednujici klimatické cile

V této kapitole jsou pouzity vybrané texty ze spolecného clanku Carbon budgets for buil-
dings: harmonising temporal, spatial and sectoral dimensions, ktery vzniknul v rdmci
mezinarodni spoluprace v IEA EBC Annex 72 (Habert et al., 2020).

6.1. Problémy alokace klimatickych cili na budovy

Aby bylo mozné cokoliv tidit, je potifeba toto umét nejdiive méfit a umét jasné priradit role
a ukoly jednotlivym aktérim. V kontextu emisi sklenikovych plynli neni zatim v tomto oh-
ledu zcela jasno. Existuje celd fada moznych zpilisobti alokaci uhlikového rozpoctu na
jednotlivé narodni staty, ale dosud nedoslo ke vSeobecné shod¢, jak postupovat. Podobna
nebo jesté komplikovangjsi situace je na urovni fondi budov nebo dokonce na urovni jed-
notlivych budov, a to z né€kolika divodd. Prvnim divodem je Spatnd statisticka
vymezitelnost — pod pojmem ,,budovy* rozumime celou fadu ¢innosti, které se v riznych
statistikach objevuji na riznych mistech — a tedy neni pfesn¢ identifikovano ani statisticky
sledovano, jakou produkci emisi budovy ve skutec¢nosti ptedstavuji. Druhym divodem je,
ze neni dan jasny pozadavek nebo princip, podle kterého by se dalo rozhodnout, o kolik se
maji emise v budovach snizit, a neni rovnéz jasné pridélena zodpovédnost, kdo by takové
limity mél urcovat a garantovat.

6.2. Problematika statistické klasifikace aktivit Zivotniho cyklu bu-
dovy

Na aktivity spojené s uhlikovou stopou budov Ize pohliZzet z mnoha hli a podle rtiznych
hledisek. Jednim z moznych pfistupt ke statistickému ptifazeni emisi k budovam je odvét-
vové déleni. Dal§i moznosti je hierarchicky pohled na zaklad¢ zodpovédnosti za provoz
budov. Mozn4 je i technicka klasifikace aktivit pomoci obecného schématu zivotniho cyklu
budovy. A v neposledni fad¢ 1ze na budovy pohliZet z hlediska uspokojovani riznych potieb
spole¢nosti.

Na Obr. 12 je ptrehled globalnich emisi sklenikovych plynti ¢lenénych podle odvétvi
primyslu. Budeme-li se snazit v ném lokalizovat vSechny dopady, které néjakym zplisobem
souvisi s budovami, zaujme na prvni pohled polozka ,,spotieba energie v budovach* (celkem
17,5 %). Ta v sobé ovSem zahrnuje pouze ¢ast uzivani budov a aktivity v nich, ale nejsou
v ni obsazeny dopady na klima souvisejici s vystavbou budov, jejich udrzbou, ostatnimi pro-
voznimi dopady kromé spotieby energie, renovaci, a nakonec demolici doslouzilych budov.
K budovam by tedy déle bylo mozné alokovat dalsi podily emisi:

— Cementatsky pramysl (z celkovych 3 % bude podil budov odhadem minimélné
tietinovy, zbytek bude pripadat na infrastrukturu);

— Ocelaisky primysl (celkem 7,2 %, urcity podil pfipadne na ocelové konstrukce
pro budovy);
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— Chemicky primysl (celkem 3,6 %, v budovach se ¢im dal vice vyuZzivaji plasty,
podil na celkovych emisich vSak bude spise maly);

— Ostatni primysl (celkem 10,6 %, urcity podil bude pfipadat na stavebni vyrobky,
nebylo podrobné zjist'ovano, co vSechno tato polozka zahrnuje);

— Odlesnovani (celkem 2,2 %, dievo je kliCovym stavebnim materidlem v fad¢ re-
giontl svéta);

— Doprava (celkem 16,2 %, urcity podil na ni bude mit doprava stavebnich materi-
ala);

— Skladkovani (urcity podil z celkem 1,9 %, stavebnictvi se podili na vzniku odpada
zhruba z 1/3, na druhou stranu ¢asti budov obvykle nejsou pti¢inou vzniku sklad-
kovych plynd, takze podil bude jist¢ mensi);

— Nakladéani s odpadnimi vodami (celkem 1,3 %, vyznamna ¢ast odpadnich vod
vznikd v budovach).

Global greenhouse gas emissions by sector

This is shown for the year 2016 — global greenhouse gas emissions were 49.4 billion tonnes CO,eq.
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Forestry &
» oy Land Use
aSteWater(l,s/o 18.4%
Che’hfca/s
2,2%‘7 /
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3%

in Agriculture
Ener: gVé"F\ <Ring (1L7%)

Residential

OurWorldinData.org - Research and data to make progress against the world’s largest problems.
Source: Climate Watch, the World Resources Institute (2020). Licensed under CC-BY by the author Hannah Ritchie (2020)

Obr. 12: Zdroje emisi sklenikovych plynii podle odvetvi (Ritchie and Roser, 2020).
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Dalsim pfistupem je pohled pies uspokojovani lidskych potieb, ke kterému je mozné pouzit
dostupné vypocty osobni uhlikové stopy a v jejim ramci se pokusit analyzovat aktivity sou-
visejici s budovami. Oblast potieb "bydleni" souvisi s oblasti ¢innosti "obytné budovy",
(Jenny, Griitter and Ott, 2014; Rao and Min, 2018), ale tim je pouze ¢aste¢né pokryt provoz
reziden¢nich budov. Sledovani ostatnich aktivit a dalsich typd budov je obtizné.

Hierarchickym pfistupem je myslen tradi¢ni ptistup, kde stat (nebo v nékterych statech
region) regulativné urcuje pozadavky na budovy, za které odpovida vlastnik. Dalsi poza-
davky na budovy potom muze stanovit mistni samosprava formou regulacniho planu.
Riznou uroven zavaznosti maji technické normy. Vnéjsi regulace je doplnéna o dobrovolné
aktivity, pfipadné zavazky vlastnika jedné nebo vice budov, ktery mize z riznych divoda
usilovat o vyssi neZ normou ¢i regulaci natfizené standardy na své nemovitosti. Pohled vlast-
nika souboru budov (at’ uz vefejného nebo soukromého) je zobrazen na Obr. 13.
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Obr. 13: Problém uhlikového rozpoctu z hlediska viastnika souboru budov (Habert et al., 2020).

Vlastnik souboru budov mé portfolio nemovitosti, které spravuje. Ty se v daném roce (pro
ktery by mély byt ur€eny limity uhlikové stopy) nachazi v riznych fazich svého zivotniho
cyklu. Nékteré budovy mohou byt ve vystavbé nebo prochézet zdsadni rekonstrukci, pak
jsou dominantnim zdrojem uhlikové stopy budovy emise spojené se stavebnimi procesy,
kterym predchazela produkce sklenikovych plyni spojenda s vyrobou stavebnich materiali
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a prvkl. Nebo jsou ve standardnim provozu, a pak dominuji emise z provozu budov. Nékteré
budovy mohou byt na konci Zivotnosti a mize probihat jejich odstranéni. VSechny tyto situ-
ace by bylo potfeba metodicky podchytit, pokud méa byt mozné co nejptesn€ji vycislit
dopady budov na klima a néjakym zpiisobem je tidit.

6.3. Mozné zpiisoby alokace limitii emisi sklenikovych plyni

Jak bylo uvedeno vyse, neni zatim spolecenska shoda na tom, které principy a jak pouzivat
v alokaci uhlikového rozpoctu mezi jednotlivé staty a jednotlivé aktéry. Moznosti, které se
nabizeji jsou shrnuty na Obr. 14.
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Obr. 14: Rozhodovaci strom pro definici rozpoctu, ktery ukazuje rizné kroky a rozhodnuti, jez je
treba prijmout a specifikovat pro definici rozpoctit (Habert et al., 2020). Nékolik aspektit v této de-
finici je citlivych na specifické charakteristiky zemé (napr. pocet osob, historické emise atd.) a také
citlivych na aspekty chovani (napr. pocet osob vyuzivajicich budovu a plochu na osobuy).
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7. Priklad pouziti cili Parizské dohody pro rok 2030 pro
stanoveni referen¢nich hladin pro reziden¢ni budovy
v podminkach CR

Tato kapitola je zalozena na ¢lanku Carbon Benchmark for Czech Residential Buildings
Based on Climate Goals Set by the Paris Agreement for 2030 (Palensky and Lupisek, 2019),
ktery vychazel z diplomové prace Davida Palenského (Palensky, 2019).

Hlavnim hlavnim cilem prace bylo:

— Navrhnout referenc¢ni trovent z hlediska emisi sklenikovych plynt pro nové
obytné budovy;

— Provést ptipadovou studii pro porovnani obvyklého navrhu budov s referencni
arovni;
— Navrhnout zlepseni ndvrhu vedouci ke splnéni stanoveného referen¢ni hladiny;

— Zhodnotit, zda jsou tirovn¢ emisi sklenikovych plynti pozadované pro splnéni cili
stanovenych Patizskou dohodou v ¢eskych podminkach realizovateln¢, nebo zda
ptedstavuji pfili§ radikalni zlepSeni navrhu budov, a je tedy tieba provést systé-
movejsi zmény ve zpusobu, jakym v souCasnosti navrhujeme a stavime obytné
budovy.

7.1. Nastaveni referenc¢ni hladiny

Cilem préce bylo navrhnout referen¢ni Groven odshora doli, kterd by odrazela globalni cile
emisi sklenikovych plynti stanovené Patizskou dohodou. Vychodiskem byla zprava Emissi-
ons Gap Report 2018 (EGR) (UN Environment, 2018), kterd se zabyvala riznymi scénafi
budouciho vyvoje globélnich emisi sklenikovych plynii. Stanovila maximalni mnozstvi glo-
balnich emisi sklenikovych plynt, které 1ze vypustit v roce 2030 tak, aby nértst primérné
globalni povrchové teploty stale zlstal pod cilovou hodnotou 2 °C respektive 1,5 °C ve srov-
nani s predindustridlni érou. V tabulce 3.1 na stran¢ 19 EGR uvadi maximalni globalni
mnozstvi emisi sklenikovych plynti v roce 2030 ve vysi 40 Gt CO2,eky. pro cil 2 °C a pouze
24 Gt CO2ckv., aby nartst teploty zlstal pod 1,5 °C (v obou ptipadech s 66% pravdépodob-
nosti), coz predstavuje snizeni emisi sklenikovych plyni pfiblizn€ o ¢tvrtinu, resp. o vice
nez polovinu ve srovnani s rocnimi emisemi sklenikovych plynt.

Aby bylo mozné stanovit referen¢ni hodnotu, bylo tieba emise pro rok 2030 z global-
niho tdaje piifadit k jednotlivym budovam v Ceské republice. Jak bylo fedeno vyse, diskuse
kolem toho, jaké principy ptidélovani uhlikového rozpoctu nebo emisnich povolenek by
mély byt pouzity, aby byla zajisténa spravedlnost, nebo jaké mechanismy sdileni zatéze by
mély byt pouzity, stale probiha. Pro tcely této prace bylo pouzito rovnomérné rozdeleni na
obyvatele s vyuzitim prognézy svétové populace v roce 2030 (Statista, 2019). Maximalni
ro¢ni emisni alokace 2030, tj. 40 a 24 Gt COzkv., byly vydéleny prognézovanym poctem
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obyvatel 8,55 miliardy. Vysledkem vypoctu byl rocni osobni limit ve vysi 4,68
a 2,81 t COzckv. na obyvatele.

Pro uréeni budouciho podilu bydleni na emisich sklenikovych plynii na obyvatele byl
pouzit princip kontrakce, tedy zachovani stavajiciho pomérného podilu budov pro bydleni
pti snizeni celkového uhlikového rozpoctu v roce 2030. Pro vypocet emisniho podilu fondu
budov byla pozita hodnota 23,35 %, kteréd ptedstavovala odhadovany podil bytového fondu
na narodnich emisich CO> y roce 2014 (Lupisek, 2016). Vypocet této hodnoty je uveden
v (Lupisek, 2019), ktery udaje pro rok 2015 mirn¢ aktualizoval. Vynasobenim osobniho pfi-
spévku 23,35 % vzniknula hodnota rocniho osobniho ptispévku pro rok 2030 pro bydleni ve
vys$i 1,09 t COzekv. pro cil 2 °C a 0,66 t pro cil 1,5 °C, kterou Ize nasledné extrapolovat na
ptispévek pro obytnou budovu vynasobenim téchto ¢isel planovanym poctem obyvatel bu-
dovy (viz Tab. 16).

Tab. 16 Stanoveni emisnich poZadavki na budovu pro klimatické cile 1,5 a 2,0 °C

Klimaticky cil 1,5°C 2,0 °C

Limitni hodnoty emisi 24 40 Gt COzekv./TOk
dle Emissions Gap Report 2018

Pocet obyvatel v 2030 8,55 8,55 mld.

Piepocet na obyvatele 2,81 4,68 t COpekv./08.TOK
Podil bytového fondu 23,35 23,35 %

Piepocet 0,66 1,09 t COpekv./08.TOK
Pocet najemnikti 26 26 0S

Emisni poZadavek na bytovy diim 17,04 28,40 t COzexv./TOK

7.2. Popis budovy pouzité v pripadové studii

Pro ucely této ptipadové studie byla vybrana ¢tyipodlazni obytnd budova jednoduchého ob-
délnikového tvaru s plochou stiechou (viz Obr. 15, Obr. 16 a Obr. 17). Celkova cista
podlahova plocha budovy ¢inila 1 045 m? a v nadzemnich podlaZich se nachazelo 11 byta
pro 26 obyvatel; celkovy objem budovy vypocteny z vnéjsich rozmérti ¢inil 3 572 m3. V pii-
zemi se nachazela technicka mistnost, parkovaci stani a skladovaci prostory pro byty.
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10707

Obr. 15: Budova z pripadové studie. Navrh a vizualizace: Jan RiiZicka.
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Obr. 16: Budova z pripadové studie — rozlozeni typického podlazi (rozméry v mm).
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Obr. 17: Budova z pripadové studie — rozlozeni prizemi (rozmery v mmy).

Plivodni projekt, ktery predstavoval bézny standard pro nové bytové domy na ¢eském trhu,
m¢él konstrukéni zdivo z keramickych dutinovych cihelnych bloka a podlahové konstrukce
z keramickych panelt o tloustce 230 mm. Konstrukce dvojité sttechy s provétravanou duti-
nou byla z masivnich dfevénych prvki. Vnitini pficky byly z dutinovych cihel a omitek.
Konstrukce schodist’ byly zhotoveny ze zelezobetonu a konstrukce balkonil z oceli. Vnéjsi
stény byly zatepleny vnéjSim tepelnéizolaénim kompozitnim systémem o tloust’ce 160 mm
z pénového polystyrenu s tenkovrstvou vnéjsi omitkou a stfecha byla zateplena 260 mm
skelné vaty v dievéné konstrukci. Primérna hodnota U byla 0,47 W/m?K.

Otopna soustava se skladala z kondenza¢niho plynového kotle, ktery ohtival centralni
zasobnik o objemu 750 1, a byl spojen s dvoutrubkovym protiproudym rozvodem tepla s des-
kovymi otopnymi télesy. Celkova koncepce vétrani byla zalozena na pfirozeném vétrani
a podtlakové vétrani bylo instalovano pouze v mistnostech s nejvétsi produkei Skodlivin,
jako je toaleta, koupelna a kuchyné. Ptivod vzduchu zajistovaly vétraci Stérbiny v oknech
a obvodovych sténach. Chlazeni nebylo potieba.

7.3. Okrajové podminky a postup vypoctu emisi sklenikovych plyni

Pro ucely této studie byla pouzita metoda popsand v pokynech pro hodnoceni narodniho
systému certifikace udrzitelnosti SBToolCZ pro obytné budovy (Vonka et al., 2013; Vonka,
Hajek and Lupisek, 2013). Indikator E.02 potencial globalniho oteplovéani definuje postup
vypoctu celkovych ro¢nich emisi CO2 eky., ktery vychazi ze zjednoduSeného posouzeni zivot-
niho cyklu (LCA), jez zahrnuje ro¢ni provozni emise i anualizované svdzané emise z etap
zivotniho cyklu A1-A3 a B4. Konkrétni svazané emise sklenikovych plynt byly pievzaty
z databaze ecoinvent (Wernet et al., 2016).

Provozni emise sklenikovych plynt byly vypocteny na zaklad¢ energetického modelo-
vani a simulaci a emisni faktory byly stanoveny z vypoctené spotieby energie
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a energonositeld. Energetické modelovani bylo provedeno pomoci softwaru Energie 2017
spole¢nosti SVOBODA SOFTWARE podle narodni metodiky vyhlasky Ministerstva pri-
myslu a obchodu €. 78/2013 Sb., ktera stanovuje metodu vypoctu mesicni potieby energie v
souladu s narodni normou CSN 730540-2 a mezinarodnimi normami EN ISO 13790, EN
ISO 13789 a EN ISO 13370. Zahrnuje spotiebu energie na vytapeni, veétrani, klimatizaci,
ptipravu teplé uzitkové vody (TUV), osvétleni a pomocnou energii. Spotieba domécich spo-
tiebicli nebyla do vypoctu zahrnuta. Vyroba energie ze solarnich kolektorti byla vypoctena
metodou B podle normy EN 15316-4-3.

Potieba energie na vytapéni byla vypoctena na zaklad¢ primérnych mésicnich teplot.
Pro vypocet solarnich ziskd byly pouzity hodnoty celkového slunecniho zafeni. Teploty
i osvity byly pievzaty z narodni normy CSN 73 0331-1 a piedstavovaly praimérné udaje pro
CR.

Vnitini teplota v obytnych prostorach byla stanovena na 21 °C. Schodisté s prilehlymi
chodbami nebylo povazovano za vytapéné, ale protoze ziskéavalo teplo z bytd, byla uvazo-
vand teplota 16 °C. Ptizemi s gardzemi nebylo vytapéno viibec a mélo izolovany strop;
teplota pro tuto zonu byla uvazovéana 5 °C.

Pro vétrani byly pouZity hodnoty 0,3 h-1 (455 m3/h ¢erstvého vzduchu pro celou bu-
dovu). U mechanického vétrani byla vypoctend ucinnost zpétného ziskavani tepla 77 %.
Vnitini tepelné zisky od obyvatel byly uvazovany jako 2,0 W/m? (70 % ¢asu) a od spotiebict
jako 3,0 W/m? (20 % Casu). Mérna spotieba energie na osvétleni v zakladni varianté ¢inila
4,4 kWh/m? a ve vylepSenych variantach s ohledem na osvétleni svételnymi diodami (LED)
byla tato hodnota 1,9 kWh/m?.

Vypocet energie na piipravu teplé vody byl uvazovan jako 35,0 1 na osobu a den, coz
¢inilo 332,2 m? teplé vody za rok (ohfaté od 10 do 55 °C). Pomocna energie zahrnovala
energii Cerpadel a monitorovacich a fidicich systému topného systému. Plynové konden-
zacni kotle mely vypoctenou t¢innost 95 % a kotle na pelety 86 %.

Emisni faktory pro energetické nosice byly pievzaty z pokynii pro hodnoceni SBToolCZ
(Vonka et al., 2013): elekttina 207,4 g CO2,ckv/MJ, zemni plyn 87,1 g CO2ckv/MJ a dievéné
pelety 9,2 g COx.ekv/MJ (v Ceské republice je biomasa z dievniho odpadu povazovéana za
obnovitelny zdroj energie, ktery splituje kritéria uhlikové neutrality podle Mezivladniho pa-
nelu pro zménu klimatu (IPCC)).

Zakladem pro hodnoceni emisi sklenikovych plynii bylo sestaveni vykazu vymér hlav-
nich prvkl budovy. Hodnoty emisi sklenikovych plynl pro pouzité materidly a stavebni
vyrobky byly ziskany z katalogu fyzikalnich a ekologickych profilt stavebnich prvkl pro
novostavby a rekonstrukce envimat.cz (Hodkova et al., 2011). V souladu s pokyny pro po-
suzovani byly do vypocti zahrnuty nésledujici prvky:

— zalozeni,

hydroizola¢ni vrstvy,

— zhutnény zasyp, zasypovy material (dovezeny z mista mimo stavbu),

svislé a vodorovné konstruk¢ni prvky, vcetné pievislych konstrukei,
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— stfes$ni konstrukce,

— stfes$ni palubu,

— schodiste,

— zabradli,

— vnitini oddily,

— nenosné oblozeni,

— povrchové tpravy,

— finalni podlahova krytina,
— okna a dvefe,

— tepelnd a zvukova izolace.

Na druhé strané nebyly zahrnuty drobné¢ dokoncovaci prvky (laté, kovové prvky, kliky
a dalsi) a systémy obsluhy budov.

Referen¢ni obdobi studie pro zjednoduSené LCA bylo 50 let a modelovana zivotnost
stavebnich prvki se fidila doporuc¢enimi uvedenymi v pokynech pro posuzovani pro kazdou
kategorii materialii nebo vyrobkd. Na konci vypoctu byly vSechny svdzané emise secCteny
a vydéleny 50 lety, aby se ziskala anualizovand svdzané hodnota.

7.4. Vysledky

7.4.1. Emise sklenikovych plynii u budovy z pripadové studie navrZené obvyk-
lym zpiisobem

Vypoctena celkova ro¢ni spotieba energie budovy ptipadové studie navrzené obvyklym zpi-
sobem cinila 101,7 MWh. Vice nez dvé tfetiny energie se spotfebovaly na vytapéni
(69,9 MWh/a), o néco vice nez Ctvrtina na ptipravu TUV (28,4 MWh/a), 2,8 MWh/a na
osvétleni a 0,6 MWh/a na spotifebu pomocné energie. VétSina modelované spotieby energie
byla dodana zemnim plynem (98,3 MWh/a) a pouze 3,4 MWh/a bylo doddno v elektrické
energii.

7.4.2. Navrhovana opatieni ke sniZeni emisi sklenikovych plynii ptivodniho na-
vrhu
Ke snizeni emisi sklenikovych plynt a emisi z provozu byla navrzena nasledujici opatieni:
— Ol: Zmeéna teplotniho zafazeni — nebytové prostory prevedené na nevytapéné
nebo pouze Castecné vytapené.

— 02a: Snizeni tepelnych ztrat — tepelnd izolace obvodovych konstrukei na zakladé
hodnot U pozadovanych pro pasivni domy podle CSN 730540 (obvodové stény
0,18 W/m?K, stfecha 0,15 W/m?K, okna 0,71 W/m?K, dvefe 1,50 W/m?K), opti-
malizace tepelnych vazeb (0,02 W/m?K).
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7.5.

O2b: SniZeni tepelnych ztrat — tepelnd izolace obvodovych konstrukei na zakladé
hodnot U doporuéenych pro pasivni domy CSN 730540 (obvodové stény
0,12 W/m?K, stfecha 0,10 W/m?K, okna 0,55 W/m?K, dveie 1,50 W/m?K), maxi-
malni optimalizace tepelnych vazeb (0,02 W/m?K).

O3a: Snizeni svdzanych emisi — volba ekologicky Setrnych vyrobkl a materiala
(vépenopiskové cihly pro sténové konstrukce a Zelezobetonové predpjaté duti-
nové panely pro stropni konstrukce).

O3b: Vybér ekologicky Setrnych vyrobkli a materidlti (dfevéna konstrukce: sys-
tém two-by-four).

O4: Nizkoemisni teplo — volba nizkoemisniho zdroje/energonositele (kotel na
dfevni biomasu).

O5: Osvétleni — instalace energeticky uspornych zafivkovych a LED svitidel.

06: Mechanické vétrani s rekuperaci tepla (4¢innost 77 %) - snizeni tepelnych
ztrat vétranim, vyuziti odpadniho tepla.

O7: Vakuové solarni kolektory — vyuziti solarni energie pro ptedehiev TUV (80

m?.

0O8a: (30 m?, 5,4 kWp, Gi¢innost systému 15 %, orientace na jih 35°.
08b: (50 m?, 9,0 KWp, u¢innost systému 15 %, orientace na jih 35°.

Variantni sady opatreni ke zlepSeni

Bylo navrzeno nasledujicich Sest variant sad opatfeni ke zlepSeni (piehled sad je uveden
v Tab. 17):

— S1 (01, 04, 05): S1 byla kombinaci zakladnich opatfeni s miniméalnimi zménami

ve fungovani budovy nebo zménami v navrhu (kotel na biomasu, u¢inné LED
osvétleni a snizeni vnitini teploty na hlavnich chodbach). Opatieni byla zamétena
na snizeni mnozstvi provoznich emisi sklenikovych plynd.

S2 (01, O3a, 04, 05, O7): S2 dopliuje predchozi variantu S1 s diirazem na sni-
zeni podilu emisi sklenikovych plynti pomoci stavebniho systému v podobé
vapenopiskovych cihel pro sténové konstrukce a Zelezobetonovych piedpjatych
dutinovych panelt pro stropni konstrukce. Varianta byla rovnéz doplnéna o sys-
tém vakuovych solarnich kolektorti slouZicich k pfipravé teplé vody (80 m?*
orientace na jih 35°, v kombinaci s akumula¢ni nadrzi 4 500 1).

S3 (01, O2a, O3b, O4, 05, 06, O7): S3 kombinuje navrzena opatieni s dirazem
na nizkoenergetickou naro¢nost budovy. VSechny konstrukce spliiovaly pozado-
vané hodnoty soucinitele prostupu tepla pro pasivni budovy; tepelné spoje a mosty
byly optimalizovany na minimalni hodnoty. Technické systémy byly doplnény
systémem nuceného rovnovazného vétrani s rekuperaci tepla. Konstrukéni systém
byl nové navrzen jako dievostavba v systému two-by-four v podobé montovaného
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dfevéného ramu vyplnéného tepelnou izolaci. Stropni konstrukei tvoftil dievény
tramovy strop.

S4 (01, O2a, O3b, 04, 05, 06, O7, O8a): S4 byl zalozen na kombinaci opatieni
uvedenych v S3. Kromé toho byl pouzit systém fotovoltaickych panelt pro snizeni
spotieby elektrické energie, kterd by se zvysila diky systémim nuceného vétrani
a Cerpadlim se solarnimi kolektory.

S5 (01, 0O2a, O3b, 04, 06, O7, O8a): S5 byla zalozena na kombinaci opatieni
uvedenych v S4 s tim rozdilem, Ze zdrojem tepla byl ptivodni plynovy konden-
zacni kotel.

S6 (O1, O2b, O3b, OS5, 06, O7, O8b): S6 byl postaven na zakladé S5 tak, aby
spliioval emisni pozadavky pii zachovani ptivodniho zdroje tepla v podobé ply-
nového kondenza¢niho kotle (S5 emisni pozadavky nesplioval). Kombinace
opatfeni vychazela ze S5 s n¢kolika zasadnimi rozdily. Obvodové konstrukce byly
navrzeny na nejnizs$i hodnoty doporucenych hodnot Upas20 pro pasivni budovy
podle CSN 73 0540-2. Tepelné spoje byly co nejvice redukovany. Fotovoltaické
(FV) moduly byly pouzity k pokryti spotieby elektrické energie pro provoz nuce-
ného vétrani, pomocné energie, osvétleni a asti vyroby teplé vody. Prebytky byly
dodévany do energetické sité (ackoli jsme tyto pfebytky nezohlediiovali v pro-
vozni emisni bilanci). Oproti pfedchozim variantdm se celkova plocha panelil
zvétSila na 50 m2.

66



Tab. 17 Piehled Sesti souborii opatifeni na usporu emisi sklenikovych plyni (GHG).

Varianty Pivodni o, ¢ s3  s4  s5  s6
stav

Opatieni na usporu emisi sklenikovych plyni

O1 Zména teplotni zony v v v v v v

02a Hodnoty U pozadované pro Y, W, W,

pasivni bydleni

0O2b Hodnoty U doporucené pro v
pasivni bydleni

03a Vapenopiskové cihly, pied-

pjaté betonové podlahové v

konstrukce

M3b Dievénd konstrukce v v v v
M4 Kotel na biomasu v v v v

Osvétleni M5 LED v v v v v v
M6 Mechanické vétrani s rekuper- v v v v
aci tepla

xz Vakuové solarni kolektory 80 v V W, W, v
MS8a Fotovoltaické panely 5,4 W, W,

kWp, 30 m?

MS8a Fotovoltaické panely 9,0 v
kWp, 80 m?

Hodnoty U obalky budovy (W/m2K)

Vn¢jsi sténa (vytapéna plocha) 0.27 027 027 018 0.18 0.18 0.12
Vnéjsi sténa (nevytapény prostor)  0.62 062 0.62 038 038 038 038
VngSi sténa = sokd (nevytdpny -, o 057 057 038 038 038 038
prostor)

Patro nad nevytapeénym piizemim  0.57 0.57 057 038 038 038 0.16
Podlaha na zemi 0.56 056 056 045 045 045 045
Strecha 0.21 021 021 015 0.15 0.15 0.10
Windows 1.50 .50 1.50 071 071 071  0.55
Vstupni dvete 3.50 350  3.50 1.50 1.50 1.50 1.50
Horni vrata (garaze) 3.50 350 350  1.50 1.50 1.50 1.50
Tepelné spojky 0.05 0.05 005 002 002 0.02 0.00
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7.6. Emise sklenikovych plyni navrhovanych variant

Rozpis svazanych emisi a modelované spotteby energie a emisi sklenikovych plynti navrho-

vanych souborti je shrnut v Tab. 18.

Tab. 18 Modelované svazané emise sklenikovych plyni, spotieba energie a emise sklenikovych

plyntu piivodni budovy (béZny stav) a navrhovanych souborii zlepSeni S1-S6.

P“V‘;f:vl s1 2 83 sS4 S5 S6
Svazané emise sklenikovych plyni (t CO2exv.)
Zaklady 58.1 58.1 58.1 64.6 64.6 64.6 64.6
Vnéjsi stény 64.9 64.9 63.0 333 333 333 37.1
Vnitini stény 52.0 52.0 41.6 13.5 13.5 13.5 13.5
Horizontalni struktury 216.2 2162  156.2 99.0 99.0 99.0 103.1
Ostatni soucasti 324 324 324 69.1 69.1 69.1 69.1
Celkem 4235 4235 3512 2795 2795 2795 2874
Roc¢ni spotieba energie (MWh/rok)
Vytapéni 69.9 80.7 80.7 38.6 38.6 34.1 16.6
Tepla voda pro domacnost 28.4 31.3 293 293 293 27.7 27.7
t\;?ly(uove solarni - kolek- 00 00 -123 123 -123 125 -123
Mechanicka ventilace 0.0 0.0 0.0 1.5 1.5 1.5 1.5
Osvétleni 2.8 1.8 1.8 1.8 1.8 1.8 1.8
Fotovoltaické panely 0.0 0.0 0.0 0.0 -3.2 -3.2 —7.4
Pomocna energie 0.6 0.4 0.8 0.8 0.8 0.8 0.7
Celkem 101.7 1142  100.3 59.7 56.5 50.2 28.6
Provozni emise skleniko- 3336 535 557 530 325 1687 1045
vych plynit (t CO2exv /rok)
Ro¢ni svazané emise
sklenikovych plynt 8.47 8.47 7.02 5.59 5.59 5.59 5.75
(t CO2ekv/a)
Celkové ro¢ni emise skle-
nikovych plynt 41.8 13.8 12.6 10.9 8.8 22.5 16.2
(t CO2ekv/a)
Dodrzeni cile 28,3 X W, W, v v Y, W,
t CO2ekvsa (cil 2,0 °C)
Dodrzeni cile 17,2 X W, W, v v X Vv

t COzekv.a (cil 1,5 °C)

Sada S1 zahrnovala vyménu kondenzac¢niho plynového kotle za kotel na biomasu, instalaci

uc¢inného LED osvétleni a sniZeni vnitini teploty na hlavnich chodbéach. Tato opatfeni pfi-

spéla k vyraznému poklesu provoznich emisi sklenikovych plynt diky Gsporam ve spotiebé

elektfiny a nizkoemisnimu faktoru biomasy, tj. 9,2 g CO2ev./MJ (ve srovnani s emisnim

faktorem elektiiny 207,4 CO2.ekv./MJ). Na druhou stranu se zvysila celkova spotieba energie
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v disledku snizené energetické ucinnosti kotle (kotel na pelety 86 %, ptivodni plynovy kotel
95 %), ucinnosti rozvodu tepla (kotel na pelety 85 %, ptivodni plynovy kotel 98 %) a snize-
nych vnitinich tepelnych ziskl z osvétleni.

Soubor S2 navézal na soubor S1 a snizil emise sklenikovych plynt tim, ze nahradil
konstrukéni material stén ze standardnich cihelnych blokti vapenopiskovymi cihlami a pied-
pjatymi dutinovymi betonovymi panely. Dosazené snizeni €inilo 72,3 t COzekv.. U této
sestavy se rovnéz vyuzilo doplnéni vakuovych solarnich kolektord, které dodaly 12,3 MWh
Cisté energie.

Sada S3 kombinovala opatfeni pouzitd v sadé¢ S2 s vyraznym zlepSenim hodnot
U obalky budovy, doplnénim mechanického vétrani s rekuperaci tepla a pouzitim drevéné
konstrukce na stavbu. ZlepSeni hodnot U vedlo k vyraznému snizeni spotieby tepla, zatimco
zavedeni mechanického vétrani zptisobilo vyrazné zvyseni spotieby elektrické energie, coz
m¢élo za néasledek vysoké provozni emise sklenikovych plynt v diisledku vysokého emisniho
faktoru. Pfeména konstrukce na dievénou konstrukei snizila celkové emise svazanych skle-
nikovych plynt o dalSich 71,7 t CO2ekv..

Sada S4 byla podobna sadé¢ S3, ale také vyuzivala fotovoltaicky systém (5,3 kWp), ktery
dodal dalsich 3,2 MWh ¢isté elektiiny. Umoznila tak snizit provozni emise sklenikovych
plynt 0 2,05 t CO2 eky..

Sada S5 byla reakei na situaci, kdy nebylo mozné pouzit kotel na biomasu z divodu
mistni regulace emisi zvlaStnich latek. Méla vSechny vlastnosti sestavy S4, ale misto kotle
na pelety pouzivala plynovy kondenzaéni kotel. V této varianté budova spliiovala emisni cil
2 °C, ale nesplnovala emisni cil 1,5 °C.

Sada S6 zahrnovala opatteni, ktera byla nutna k dosazeni emisniho cile 1,5 °C, tj. dalsi
zlepseni hodnot U obalky budovy a dalsi rozsiteni fotovoltaického systému, ¢imz bylo do-
sazeno limitl plochy stfechy. V disledku toho se provozni emise snizily na 10,45 t CO2 k.,
coz umoznilo dosazeni cile.

7.7. Diskuse

7.7.1. Referenc¢ni hodnoty sklenikovych plynii pro budovy
V idedlnim svété by referencni hodnoty sklenikovych plynd nebyly potieba, protoze vSechny
environmentalni externality lidské ¢innosti by byly zahrnuty v cené kazdého vyrobku, takze
spottebitelé a investoti by dostavali cenové signaly, které by vyjadiovaly chovani ptiznivé
pro spolecnost i zivotni prostfedi, na kterém jeji fungovani zavisi. Dal$im feSenim by byla
globalni uhlikové dan nebo globélni systém obchodovani s emisemi, ktery by zahrnoval lid-
ské Cinnosti a upravil tak ekonomicky systém tak, aby bylo ziskové pouze udrzitelné
chovani. V soucasné dobé se to vSak ani jedno z toho ve svété nedé€je. Proto potfebujeme
néjakou regulaci pro stavebnictvi a tato regulace by mohla byt zaloZena na referen¢nich hod-
notéach sklenikovych plynti.

Piedlozena referen¢ni hodnota emisi sklenikovych plynt pro obytné budovy trpi riz-
nymi zjednodusenimi, nedokonalostmi a nejistotami. Hlavni zjednoduSeni spoc¢iva v tom, ze
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jsme pouzili rovnomérné rozdéleni zbyvajiciho uhlikového rozpoctu (a tedy povolenky na
ro¢ni emise sklenikovych plynt). Jak bylo uvedeno v uvodu, diskuse o tom, jaky druh alo-
kace by mél byt pouzit, stale probiha a preferovany princip alokace mize byt v budoucnu
revidovan obéma sméry. Uhlikovy rozpoéet piidéleny lidem Zijicim v Cesku by mohl byt
vyssi, protoze nase soucasnd hodnota na obyvatele je vysoka a jeji masivni snizeni béhem
n&kolika mélo let by zptisobilo Sok. Mohl by v§ak byt také nizsi, protoze Cesko (a byvalé
Cechy v ramci Rakouského cisaistvi a Ceskoslovenska) je od po&atku 20. stoleti vysoce
industrializovanou zemi, takze historicky pfispiva ke zméné klimatu relativné vice nez roz-
vojové zemé, které by mély mit pravo na rozvoj. Vysledek této debaty se teprve ukéaze,
a proto jsme se rozhodli pro rovhomérny piidél na obyvatele.

DalSim zdrojem nejistoty je samotny zbyvajici uhlikovy rozpocet, ktery se v prib&hu
Casu meni a tempo jeho vycerpavani je proménlivé. Znalosti o zmén¢ klimatu se také v ¢ase
vyvijeji a bylo by nutné je pribézné upravovat.

Existuje také nejistota tykajici se podilu ¢eského bytového fondu na celkovych narod-
nich emisich, protoze zdkladni studie vychazela z odhadu zalozen¢ho na modelu ¢eského
bytového fondu, ktery trpi nejistotami. Kromé toho jsou celkové narodni emise statistické
udaje, které trpi uritou mirou nejistoty.

I s ohledem na tyto nejistoty se vSak domnivame, ze toto cvi¢eni melo smysl, protoze
poukdzalo na obrovskou propast mezi béznou stavebni praxi a praxi, kterou je tieba pfijmout
pro dosazeni klimatickych cilt.

7.7.2. Nejistoty v pripadové studii

Piipadova studie trpéla standardnimi nejistotami zjednodusené LCA: nejistotami v zaklad-
nich udajich o materidlech, emisnich faktorech, modelovanych scénafich, pfiistupu
k anualizaci svazanych emisi na zakladé€ referencniho obdobi studie a také nejistotami sou-
visejicimi s modelovanim energie pomoci mesi¢ni metody.

Vypocet energetické bilance fotovoltaického systému a jeho vyuzitelnosti byl zjedno-
dusen. Pro ptesné€jsi vypocty by bylo nutné pouzit specializovany software s ohledem na
prebytky elektiiny vyrobené z fotovoltaiky, které byly dodavany zpét do energetické sité.
Pti podrobnéjsi simulaci vyvstava otazka, zda se ma zohlednit emisni bilance a jaky emisni
faktor se ma pouzit (skuteny energeticky mix, a tedy i emisni faktor se v ¢ase méni).

Do energetického hodnoceni budovy nebyla zahrnuta spotieba elektrické energie pro
standardni a nestandardni spotfebi¢e. Vzhledem k vysokému emisnimu faktoru elektfiny
v Ceské republice miize mit tato spotfeba vyznamny vliv na hodnotu celkovych provoznich
emisi.

7.7.3. Poutzitelnost strategii sniZovani emisi sklenikovych plynia z pripadové
studie

Pouzité strategie snizovani emisi sklenikovych plyni se fidily dvéma zasadami: zajisténi

energie ze zdroju s nizkym emisnim faktorem a snizeni spotieby energie. Proto jsme se nej-

prve snazili provést minimalni zmény v puvodnim projektu, jednoduse jsme vymeénili

plynovy kotel za kotel na pelety. Z hlediska emisi sklenikovych plynti by to velmi pomohlo
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(za ptedpokladu, ze je k dispozici udrzitelny zdroj dieva). Kotel na pelety ma vSak snizenou
ucinnost, coz by vedlo ke zvySeni spotieby energie. Zaroven je v mnoha ceskych obcich
problém se znec€isténim ovzdusi. Proto by instalace kotli na pelety, které jsou ur¢itym zdro-
jem znecisténi, ani nebyla povolena. Proto jsme nastavili jiné soubory opatieni, které by byly
Siroce pouzitelné, ale ptedstavovaly by vyraznéjsi zmény v konstrukci budovy. I tyto vari-
anty by mohly trpét dalSim druhem omezeni. V nékterych lokalitach by nebylo povoleno
ptipojit k siti velké fotovoltaické systémy s omezenou kapacitou sité, a proto by byl nutny
néjaky druh akumulace elektfiny na misté.

Kromé¢ toho nebyly ve studii pii navrhovani variantnich souborii opatieni pln¢ zohled-
nény nékteré vlastnosti pivodni budovy — naptiklad nebyla vypoctena pozarni odolnost nebo
akustické parametry navrhovanych feseni nebo nebyly porovnany s budovou v ptivodnim
stavu.
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8. Zavér

8.1. Potencial narodniho fondu budov prispét k narodnim ciliim
ochrany klimatu

V piedstavené studii byl kvantifikovan potencial snizeni emisi CO2 z provozu ¢eského fondu
budov podle aktualizovanych scénaitt modernizace budov a byl vyhodnocen mozny piispé-
vek energeticky uspornych opatfeni aplikovanych na fond budov k narodnim emisnim
zavazkim.

Vypocty byly zalozeny na modelované konecné ro¢ni spotiebé energie NFB ve ¢tyiech
scénafich modernizace v letech 2016-2050. Vysledky ukazaly, ze fond budov vyprodukoval
v roce 2016 celkem 36,9 Mt CO;, ptficemz 23,2 Mt CO: pochazelo z bytovych budov a
13,7 Mt COz z nebytovych budov. Podil obytnych budov na narodnich emisich ¢inil pfi-
blizn¢ 21,8 %, podil nebytovych budov 12,8 % a celkovy podil 34,6 %.

Vysledky vypoctu ukdzaly potencidl snizeni provoznich emisi bez zohlednéni fotovol-
taiky budov CO:; ¢eského stavebniho fondu do roku 2050 v rozmezi piiblizné¢ 27,6 %
v zékladnim scénaii az 52,0 % v hypotetickém scénafi. Pti zahrnuti BIPV se toto snizeni
pohybuje od 43,6 % do 86,9 %. V porovnani s emisemi z roku 1990 se rozsah snizeni za
riznych predpokladii modernizace budov a rozvoje fotovoltaiky pohybuje mezi 69 %
a 93 %.

Za predpokladu vyvéazeného podilu primyslovych odvétvi na snizovéani emisi skleniko-
vych plynt byl narodni klimaticky zdvazek pro fond budov v roce 2050 vypocten na 11,4 Mt
COz. Vysledné hodnoty pro jednotlivé scénate byly porovnéany s touto cilovou hodnotou.
Porovnani hodnot emisi v jednotlivych scénétfich uvedenych v tabulkach 8 a 9 s maximalni
cilovou hodnotou potiebnou ke splnéni narodniho emisniho zavazku ve vysi 11,4 Mt CO»
ukazalo, ze zavazek lze splnit pouze realizaci alespon progresivniho scénaie modernizace
budov pii soucasném rozvoji fotovoltaiky. V Hypotetickém scénéii by byl cil splnén jiz
v roce 2040 a v roce 2050 by se emise z fondu budov blizily cili jejich Gplné dekarbonizace.
Zakladni scénar vedl k témét dvojnasobnym hodnotam ve srovnani s pozadovanym cilem
pro rok 2050. Vladni scénar prekrocil cilovou hodnotu o 56 %.

Dosazeni skutec¢né nulovych emisi v budoucnu musi byt vyrazné podpofeno snizenim
emisnich faktort elektfiny, dalkového vytapéni a plynu a/nebo vyraznou zménou podilu bu-
dov na zdrojich energie tak, aby nebyly vyuzivany zdroje s vysokymi emisemi, a/nebo
spojenim budov s technologiemi zachycovani a ukladani uhliku v budoucnu.

Pro splnéni emisniho zavazku Ceské republiky je nutné do roku 2050 snizit roéni na-
rodni produkci emisi o 73,8 Mt cO. v pifipad¢ realizace hypotetického scéndie
s fotovoltaikou by CSU usettil 31,9 Mt CO; ro¢né, coz by piispélo ke snizeni na narodni
urovni snizenim emisi celkem o 43,2 % oproti referencni hodnoté emisi z roku 2016.
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8.2. Moznosti vyuziti klimatickych cila Parizské dohody pro rok
2030 pro stanoveni referencnich hladin pro reziden¢ni budovy
v podminkach CR

V kapitole 7 byl pfedstaven mozny piistup k aplikaci referencnich hodnot emisi skleniko-
vych plynii pro obytné budovy v Ceské republice stanovenych na zikladé Emissions gap
reportu, rovnomérného rozdéleni limitd emisi sklenikovych plyni pro rok 2030 mezi pro-
gnozovanou populaci a podilu obytnych budov na narodnich emisich.

Pro porovnani emisi sklenikovych plynt z béZzného navrhu budovy s referencni hodno-
tou byla pouzita skute¢na konstrukce bytového domu, a to pomoci zjednodusené metody
LCA v souladu s narodni metodou SBToolCZ. Vysledky ukézaly, Ze posuzovany obytny
diim navrzeny standardnim zptisobem piekracuje emisni limit 2,5krat. Na zaklad€ posouzeni
bylo navrzeno Sest souborl uspornych opatfeni ke snizeni provoznich a svazanych emisi
sklenikovych plynti. Usporna opatieni zahrnovala zménu teplotniho zénovani, zlepseni hod-
not U obélky budovy, vyménu stavebnich materidlti za ucelem snizeni svdzanych emisi
sklenikovych plynli, vyménu zdroje tepla za kotel na biomasu, zavedeni LED osvétleni, po-
uziti mechanického vétrani s rekuperaci tepla, doplnéni vakuovych solarnich kolektorti
a doplnéni fotovoltaickych panelll. Nakonec byly varianty porovnany a byla provéiena jejich
vhodnost v ¢eskych podminkach.

Piedlozen¢ zasady jsou pouzitelné i pro situace v jinych zemich, i kdyz zde stale existuje
mnoho zdroji nejistoty.

8.3. Témata pro dalsi vyzkum

Aktudlni prace na tématu jak na nasem pracovisti, tak v mezinarodni komunita pfinédsi fadu
dalsich vyzkumnych témat:

— Ke scénartim rekonstrukci ¢eského fondu budov by bylo vhodné doplnit studii,
kterd by odhadnula a kriticky zhodnotila mnoZstvi svazanych emisi skleniko-
vych plynii spojenych s energetickou sanaci budov v jednotlivych scénafich;

— Vytvoreni série pripadovych studii, pomoci kterych by bylo mozné podrobnéji
stanovit referenéni hladiny pro riizné typologie budov;

— Vytvoreni narodniho systému zvefejiiovani a pravidelné aktualizace vySe
emisnich faktori elektfiny v rozvodné siti (vcetné ptislusné metodiky) a vytvo-
feni jednotného ramce pro vypocet budoucich emisi sklenikovych plyni
spojenych s vyrobou elektiiny. Konkrétné by bylo zapotfebi mit stanovené
emisni faktory, které maji byt uvazovany ve vypoctech v budoucich letech do roku
2050. Samoziejmé s védomim, Ze se jedna o predikce, a s metodikou jejich pravi-
delnych revizi.

— Vytvoteni vhodnych pomiicek pro architekty a projektanty, které by jim
usnadnily sledovani produkce emisi sklenikovych plyni Zivotniho cyklu jimi na-
vrhovanych budov jiz v ivodni od Gvodni faze navrhu;
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— Doplnéni chybéjici datové zakladny svazanych emisi sklenikovych plyni pro
systémy TZB, pro nové materidly, a pro recyklacni procesy;

— Vyvoj novych novych technologii, které¢ by umoznily budouci nizkoemisni pro-
dukci stavebnich vyrobk.

V neposledni fadé je potieba mit na védomi, ze problematika snizovani emisi sklenikovych
plynti jde napfi¢ vSemi sektory ekonomiky. Je potieba o problému uvazovat v souvislostech,
nepodlehnout bezhlavé honb¢ za snizenim jednoho konkrétniho indikéatoru, naopak je zapo-
tiebi spolupracovat s ostatnimi védnimi obory tak, aby se podafilo vybalancovat snahu
o ochranu zivotniho prostfedi s kulturnimi a ekonomickymi potfebami rozvoje spolecnosti.
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Worldwide interest in future-proof buildings is growing, leading to increased demand for suitable methods and systems for
assessing and communicating the sustainability of buildings. The number of stakeholders interested in sustainability
assessment results as a basis for decision-making is growing.

Ultimately, in order to bring about greater sustainability, stakeholders need to understand their potential impacts, but can
only do so if this potential is clearly communicated to them through the system structure and through a language and in a
format that suits their needs.

Numerous systems exist, though these do not always meet the above requirements, do not always address all aspects of
sustainability, may have certain methodological issues and may cause confusion through their sheer number.

Therefore, there is a clear need for assessment systems to be developed further. This paper proposes that the issues raised
can be tackled by a two-pronged approach: Firstly, by adhering to a top-down approach the structure of assessment systems
is improved. Secondly, greater attention to stakeholder requirements is to be given.

This paper is based on findings from survey results and on work in progress on the current EU-funded research project
SuPerBuildings. It aims to stimulate further development of existing assessment systems in a way that maintains the
autonomy of such systems, while bringing them closer together in terms of their content.

Keywords: sustainable building; sustainability assessment; top-down approach; indicators; stakeholders; stakeholder

needs

1. Introduction

An intensive debate of sustainability issues in the
construction sector led worldwide to the development
and implementation of various methods and systems for
defining, assessing and communicating the sustainability
of buildings. However the debate is ongoing. Further
developments are required in order to adapt to new
challenges and opportunities in the field.

A first generation of building related sustainability
assessment methods and systems concentrated on topics
such as energy efficiency, and environmental and indoor
environment related issues (e.g. health and comfort). They
were designed to support the planning, construction and
marketing of green buildings. The indicator systems used
emerged from the tradition of energy efficient, resource
efficient, environmentally friendly and health conscious
construction and as such followed a bottom-up approach.

In the meantime a large number of such systems have
emerged, that have successfully contributed to awareness
amongst stakeholders, improvements in the planning
process and increased demand for green buildings. But the
existing methods and systems are difficult to compare.
Some are being used globally; others concentrate on local,
regional or national specifics. Inevitably this makes for a

difficult situation for market players — for example for real
estate businesses with an international portfolio. There is
therefore a desire to unify methods. This is also the aim of
standardisation, of the scientific community and in parts
also of the systems providers themselves. However, so far
there is no indication that any particular approach will
prevail.

In literature much has been written about sustainability
assessment methods [1-6], comparisons of systems
[7—14] and general issues of assessing the sustainability
of buildings [15,16].

Nevertheless there are currently reasons and demands
to discuss the direction and content of further develop-
ments in this area.

The subject matter of sustainability extends far beyond
mere environmental and health aspects and requires the
treatment of interrelationships between environmental,
social and economic issues. This requires a substantially
more complex approach, which needs to be structured
clearly. Furthermore, in addition to the common categories
such as land use, resources, energy (which can be
classified as inputs) and resulting impacts (e.g. on health,
on local and global environment, and on financial matters),
certain further categories will need to be included into
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sustainability assessments. These need to capture benefits
resulting from the use of the building. Sustainability
requires a long-term perspective. Consequently, topics
such as durability, resistance and adaptability come to the
forefront. It is becoming obvious that issues of specifying
and assessing also the technical and functional qualities of
a building will need to be included in sustainability
assessments. It is the technical performance in particular
that determines the durability and longevity of the
building. Furthermore, whether a building can be adapted
to changing user requirements or deconstructed and
recycled easily is also down to technical issues, in so far as
the technical performance is decisive in ensuring future
usability and economic success of the property.

Altogether, this results in further requirements to be
covered by assessment methods and the necessity to
amend and complement the indicators currently used. Not
all existing assessment methods and systems meet these
requirements.

Consequently, the first key question arises: how does
an assessment system need to be structured and what does
it need to contain in order to deal with the full complexity
of sustainability assessments?

Increasingly it is also being discussed whether and how
far the results of sustainability assessments can be used by
third parties such as valuation surveyors and other groups
of stakeholders [5,6,17-20].

In addition to their roles in supporting the planning
process and marketing, it emerges that assessment systems
are establishing themselves as information sources and
decision making aids. These new roles also result in
further demands on new and existing assessment systems
and their development.

Hence a second key question arises: in order to meet
the requirements of different stakeholders, how do
assessment systems need to be developed and used and
how do results need to be presented, so that ultimately the
right decisions in the interest of sustainability are being
made?

In the light of the two key questions developed above,
there is a clear need for many existing systems to be
overhauled and developed further. Such development
work is an opportunity for systems to also move closer
together in terms of content, while retaining the autonomy
of their approaches in principle. Consequently there is a
need for plausible and practicable recommendations for
the further development of existing systems, rather than
suggestions for yet another new system.

Therefore this paper will discuss current trends in the
thinking regarding the further development of assessment
systems and presents an endeavour towards a new
generation of assessment systems that follow a top-down
approach and encompass sustainability in its fullest
extent. Furthermore it makes recommendations for
stakeholder-friendly ways of presenting assessment

results, which is based on a survey amongst different
stakeholders.

The contents that deal with the issues introduced above
and presented here constitute selected interim results from
the EU-project SuPerBuildings, developed under the
leadership of the Centre Scientifique et Technique du
Batiment (CSTB) in work package 4, and under the over-all
project coordination of the Technical Research Centre of
Finland (VTT). The thinking behind the top-down approach
has been predominantly developed by the Karlsruhe
Institute for Technology (KIT), while the survey amongst
target and user groups was conducted by the Czech
Technical University in Prague (CVUT).

2. Basics and emerging trends
2.1 Standardisation

Technical Committee ISO TC 59 SC 17 ‘Sustainability in
buildings and civil engineering works’ is tasked with basic
principles of sustainability in the construction sector. A
first set of standards regarding such general principles
[21], as well as for the development and application of
indicators [22] and for the assessment of environmental
performance of buildings [23]has already been published.

Technical Committee CEN/TC 350 ‘Sustainability of
Construction Works” is preparing standards for the
sustainability assessment of buildings. Based on these
developments in international standardisation, Europe-
specific rules and regulations are being developed and
elaborated. The starting point for this work is that the
integrated performance of buildings incorporates environ-
mental, social and economic performance as well as the
technical and functional quality, and that these are
intrinsically related to each other. The intended result of
the work is development of general frameworks for the
environmental, social and economic performance, and the
development of corresponding assessment methods for
buildings. The thinking is strongly rooted in the principles
of Life Cycle Assessments (LCA) with some of the
authors having been involved in the development and
application of LCA tools and methodologies. In the
endeavour to bring this thinking to sustainability
assessments a life cycle approach and the use of
functionally equivalent systems is emphasised as the
basis of assessment and quantifiable indicators. Wherever
in the life cycle of the construction project the assessment
takes place, the contribution of the assessed construction
works to sustainable construction will be quantified. The
main justifications of the work include that it takes into
account the needs of the relevant EU policies related to
construction products such as Construction Products
Regulation [24], Ecodesign Directive [25] and helps to
prevent potential technical trade barriers on internal and
international markets. Some standards have already been
published [26—29]. Figure 1 shows the main principle of
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Figure 1. Principle of approaching sustainability assessments of buildings in accordance with standard EN 15643-1 [26].

approaching sustainability according to the current status
of CEN-standardisation.

In summary, it can be concluded that international
standardisation:

e Assumes that all dimensions of sustainability are
to be considered when assessing the sustainability
of buildings, meaning that systems have to be
specifically extended to include the economic
dimension;

o Makes connections between sustainability assess-
ments and the capturing of technical and functional
qualities of the buildings;

e Recommends to deduce assessment criteria from the
relevant areas of protection;

Energy efficiency and its impacts
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Figure 2. Impacts of energy efficiency on all dimensions of
sustainability [35].

e Aims to move towards greater use of quantitative
methods (LCA - life cycle assessment and LCC —
life cycle costing);

Issues relating to the systems themselves in a stricter
sense, i.e. issues relating to weighting factors and bench-
marks, are not currently being dealt with by standardisation.

2.2 Selected activities

In order to set the scene some related recent projects and
initiatives in this field have been researched and will be
presented as a short overview here.

2.2.1 LEnSE — FP6: 2006-2008

LEnSE [30] — ‘Methodology Development towards a Label
for Environmental, Social and Economic Buildings’ — was
a European research project that responded to the growing
need for assessing a building’s sustainability. LEnSE
developed a methodology for the assessment of the
sustainability performance of existing, new and refurbished
buildings. The proposed methodology contained a set of 57
sustainability issues, grouped into 11 categories in the three
pillars of sustainable construction. The weighting system
enabled country-specific setting of weights.

2.2.2 PERFECTION — FP7: 2009-2011

PERFECTION [31] — ‘Coordination action for perform-
ance indicators for health, comfort and safety of the
indoor environment’ — additional information available
at: http://www.ca-perfection.ew/ — was a European
research project with the main objective to develop a
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framework and a set of indicators concerning the overall
quality of the indoor environment of buildings. The main
focus is on comfort, health and safety, but also
accessibility, positive stimulation of people and sustain-
ability. PERFECTION also developed an online indoor
performance rating tool.

2.2.3 OPENHOUSE — FP7: 2010-2013

OPENHOUSE [32] — ‘Benchmarking and mainstreaming
building sustainability in the EU based on transparency
and openness (open source and availability) from model to
implementation” — is a methodology for assessing the
ecological, economic and social performance of buildings
in Europe that is being developed by a European
consortium of 19 stakeholders for the EU Commission in
the Seventh Framework Programme, to show the gaps of
the existing assessment methods and to give an overview
of minimum standards for sustainable buildings in Europe.
The project is on-going and due to end February 2013. See
also report [33].

2.2.4 SuPerBuildings — FP7: 2010-2012

SuPerBuildings [34] — ‘Sustainability and Performance
assessment and Benchmarking of Buildings” — is a
European research project in the Seventh Framework
Programme. SuPerBuildings will develop and select
sustainability indicators for buildings (see Figures 2 and
3). The focus is on the development of data validity and
reliability of the selected key indicators. It will also
develop solutions for the integration of sustainability
assessment with building information models and make
recommendations for the powerful use of assessment and
benchmarking systems as instruments of steering,
considering both regulative approaches and economic
incentives. The project runs up to the end of 2012. The
paper at hand presents selected interim results.

Social Economical

Social impacts
level Il

User
satisfaction,
productivity

Group,
organization
1

2.2.5 Sustainable Building Alliance

The Sustainable Building (SB) Alliance is a not for profit
international membership organisation, created in 2008
under the initiative of CSTB and BRE (Building Research
Establishment), including certification bodies, research
centres, various organisations and key stakeholders of the
construction sector. SB Alliance objectives are to
accelerate the adoption of sustainable building practices
through the promotion of shared methods of building
performance assessment and rating. To achieve this, a
first set of six common metrics for building assessment
was developed in 2009 as a framework to guide the
development of performance assessment systems for
buildings. The framework does not set targets, as these
will need to be set at a national level, but it does provide
details of the scope and coverage, in terms of the building
life-cycle and indicators, for the following metrics:
primary energy, water, greenhouse gas emissions and
wastes. Conventions and assessment rules are also defined
for the two other issues: thermal comfort and indoor air
quality (IAQ). During 2011 and the beginning of 2012,
these metrics are being piloted in five European countries.
See also report [36]. Additional information is available at
www.sballiance.org.

2.2.6 SBMethod and SBTool

iiISBE (International Initiative for a Sustainable Build
Environment) has always seen itself as a foundation and
resource for national and regional systems to adapt and
build on. It has further developed its approaches for the so-
called SBMethod and SBTool, for the sustainability
assessment of buildings, in order to encompass all aspects
of sustainability. The SBMethod [37] is a generic
framework for rating the sustainable performance of
buildings and projects. It may also be thought of as a
toolkit that assists local organisations to develop SBTool
rating systems.
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2.2.7 Developments in European countries

In many European countries methods and systems for the
assessment of sustainability of buildings have been
developed, piloted and implemented. In certain cases a
greater use of LCA and LCC is beginning to emerge. For
example the German systems DGNB (Certification System
of the German Sustainable Building Council) and BNB'
(Assessment Systems for Sustainable Building), and
SBTool CZ in the Czech Republic systems have been
developed [38], which do already comply to a large extend
with the requirements of international standardisation,
respecting sustainability in its full comprehensiveness.
Additional information is available at:

e DGNB (www.dgnb.de);
® BNB2 (www.nachhaltigesbauen.de);
e SBTool CZ (www.sbtool.cz).

3. Sustainability assessment — re-thinking the
structure

A good structure will allow stakeholders to understand an
assessment system more easily and in particular allow
them to understand their scope for action and for bringing
about greater sustainability.

3.1 Object of assessment

The objects to be assessed for the purpose at hand are
individual buildings — not neighbourhoods, cities or
property portfolios. The whole building is being assessed
including the site it stands on. The whole lifecycle, including
all energy and mass flows, impacts on the local and global
environment, impacts on health, comfort of neighbours as
well as that of end-users and visitors, all cash flows and
economic consequences are being assessed. Also included
are technical and functional qualities of the building,
building design and urban design qualities as well as
processes relating to planning, construction and operation.

On numerous occasions it has been discussed inter-
nationally whether and how far an assessment of the quality
of location or the choice of location should enter into a
sustainability assessment. Different ways of arguing and
approaching this topic are possible. These are influenced by
the specific nature and traditions of the planning processes
and decision making in different countries. A modular
approach is recommended covering the following modules:

The location;

The site;

The building (and its entire life cycle);

The processes of planning, constructing and
operating the building.

In some countries the selection of site and the actual
planning of the building present in effect a two-stage

process with quite different stakeholders in each phase.
This may justify a formal separation of the assessment of
the location on the one hand and the assessment of the
building on the other. In any case, the assessment of the
building should be supplemented by a documentation of
information relating to the location. Separating of man-
made (infrastructure) and non-man made site conditions
may be sensible. If the location is being assessed
separately from the building, the site selection process as
such may form part of the assessment of management
processes during the planning stage.

3.2 Top-down approach

Currently, there are numerous approaches for the
preparation and development of systems for assessing
the sustainability of buildings. In order to be able to
distinguish between these approaches, a typological
classification is proposed. For this purpose, a distinction
is made between a bottom-up approach and a top-down
approach.

Usually, the starting point of a bottom-up approach is
the existing indicators and indicator systems. Often these
have their base in the areas of resource conservation, as
well as environmental and health protection. The
indicators are subsequently assigned to the dimensions
of sustainability.

A top-down approach is based on the objectives and
content of sustainability. First, the dimensions of
sustainability are defined. To these areas of protection
such as ecosystem and protection goals (e.g. protection of
the ecosystem) are assigned. The way and degree of
achieving these protection goals must be testable and
measurable. Therefore, evaluation criteria are developed,
under which specific indicators can be allocated. This
method ensures that all aspects/dimensions of sustain-
ability are covered.

Many existing assessment systems face a transition
from an approach that is predominantly focused on
environment and health issues of buildings. These can be
referred to as the first generation of systems with a bottom-
up approach. Existing indicator-driven ‘bottom-up
approaches” often do not cover the full range of
sustainability issues. In particular the following problems
were found:

e Indicators often do not cover the full range of
sustainability issues;

e Indicators may be overlapping;

e Indicators may be of different value in terms of
significance.

The need to adapt to emerging standardisation is a
powerful driver for existing systems to be developed
further, restructured and adapted. Recommendations for
this are given in the following.
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Using a ‘top-down approach’ ensures that all current
key issues are given due consideration. By covering the
full breadth of sustainability issues, the likelihood is
increased that all concerns, which various stakeholders
have, are covered. It also provides the potential for a
feedback loop that allows stakeholders to see clearly what
difference to sustainability issues their decisions can
make. At the same time the necessary complexity of a
sustainability system that implements the key principles of
sustainability and all related aspects is being met. The
starting point for the development of any assessment
system that follows a top-down approach is certain
overarching concerns that are being addressed. These
concerns are often referred to by the term ‘areas of
protection’ which is commonly found in literature on life
cycle assessment (LCA). Alternative terms are ‘safeguard
subjects’ [39] or ‘areas of protection’ [40,41]. A typical,
LCA/ environment-driven definition would be the one
used in the Rio Earth Summit declaration [42], which
defines ‘safeguard subjects’ as:

e Biological diversity;

e Human health;

e Production of biomass and fresh water;
e Resource use;

e Aesthetic values.

For use in the context of sustainability assessments this
definition has to be modified in order to reflect also the
social and cultural, and economic dimensions of sustain-
ability. It ought to be emphasised that setting sustainability
goals should not conflict with the artistic freedom of
architects and designers. Much rather retaining high
quality of design is also seen as a sustainability target (as
part of social sustainability).

The authors recommend that the ‘areas of protection’”
should follow the three ‘dimensions’ of sustainability:
the environmental, economic and social dimension.
Different stakeholders may have different interpretations
of these three dimensions. However, since this is the starting
point for all sustainability assessments, a common definition
should be determined. At a generic level each dimension can
be seen in terms of its intrinsic value and its stability, leading
to the following high-level areas of protection:

e Environmental values (e.g. resources, biodiversity,
clean air, clean water and soil);

e Stability/health of environment / ecosystem;

e Social and cultural values (including health and
comfort);

e Stability of the social systems / social equity;

Economic values;

e Stability of the economic systems / economic
prosperity.

In this context ‘value’ is the intrinsic merit of a
resource or entity. Stability means ensuring that these

values will persist long-term, that their state is robust. It is
necessary to know the actual value of each subsystem and
its stability (in form of trends) to predict its future values.
For buildings this means for instance that not only their
ability to meet future technical and functional require-
ments is to be assessed, but also their adaptability to
anticipated future regulatory demands regarding environ-
ment and health.

The ‘areas of protection’ in a general sense have to be
defined initially from the point of view of the whole of
society. They then have to be translated into the terms
appropriate to the object to be assessed (here buildings)
and adapted accordingly. From the ‘areas of protection’
certain goals can de deduced.

General goals and those tailored to the object of
assessment can be distinguished between. Examples for
goals that are related to buildings are:

(1) Environmental goals and resource preservation
(energy carriers, raw materials, land, water), i.e.
protecting these from over-use and depletion:
® Protection of ecosystems from negative impacts
from emissions and waste products on the local and
global environment;

e Protection of ecosystems from risks;

e Preservation of biodiversity (flora and fauna).

(2) Social goals

® Protection of cultural values, ensuring urban and
building related design quality;

e Meeting the needs of users, providing suitable
living and working conditions;

e Safeguarding health and safety of all those
involved in the construction stage, providing
comfort for the end users.

Aspects frequently discussed here are availability and
affordability of housing, however, these are not directly
reflected in building characteristics. The same goes for the
creation and retention of jobs in the construction and real
estate sector. Affordability can in some cases be related to
the economic goals. Retention of jobs and related issues
can be also seen in economic issues.

(3) Economic goals
e Optimisation / minimisation of life-cycle costs;
e Protection of capital, protection of economic value
and ensuring stability of value;
e Reducing external costs.

Impacts on local economy are important, but are not
directly reflected in building characteristics.

The way and the extent to which these goals are
accounted for or met have to be examined and assessed.
Suitable indicators, which may be summarised in entire
indicator systems, have to be defined accordingly (see also
current ISO and CEN standardisation). These indicators have
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to be developed with the specifics of the object to be assessed
in mind, which is set out in the following paragraphs.

4. Development of assessment criteria and indicators
4.1 Goals and issues as starting points

The process of developing assessment criteria can be
explained on the following examples of environmental
goals and issues (see Table 1). Where suitable goals have
been defined it is necessary to check and measure that they
have been adhered to.

To this end indicators based on the measuring of
absolute values as well as those based on measuring the
‘distance to target’ are useful. Goals regarding environ-
mental protection are related to the issues in the right
column of Table 1. From these issues specific indicators can
then be deduced. For example the issue ‘impacts on the
global environment’ could be reflected in the assessment
criteria ‘Global Warming Potential’. This principle can be
transferred to other environment related goals and issues.
For a minimum set of indicators, the current status of
international standardisation [22] should be referred to. The
authors of this paper have contributed to its development.

5. Stakeholder needs

Having set out a rational framework for structuring
sustainability assessments previously, the second driving
force for defining an assessment system consists of the
requirements that stakeholders have. A survey has been
conducted to this end.

5.1 Survey design

Usefulness and effectiveness of sustainability assessments
can be influenced especially if the results can influence
directly the actions of relevant stakeholders.

To this end relevant stakeholder groups need to be
identified and their specific information requirements need
to be analysed, so that conclusions regarding content,
process and representation of results can be taken into
account. The SuPerBuildings surveys were organised in
paper and electronic form and were complemented by
interviews. Paper surveys were distributed during two
sustainable building conferences (‘Central Europe towards
Sustainable Building’ held 30 June — 2 July 2010 in
Prague, Czech Republic and ‘SB10 Finland: Sustainable
Community’ held 22-24 September 2010 in Espoo,
Finland). During these events 450 paper survey ques-
tionnaires were distributed, from which 73 were collected
back (return ratio over 16%). In the period of July and
September 2010 a call for filling the electronic version of
the survey was sent out to the whole project network,
resulting in 58 responses. In the same period 21 interviews
with local stakeholders around Europe were organised,
resulting in filled questionnaires and additional comments.
For further details the SuPerBuildings project website can
be referred to(see http://cic.vtt.fi/superbuildings).

5.2 Stakeholder groups and their needs

The full potential for positive change, owing to stakeholders
understanding their respective spheres of influence, can
only be realised fully, if the assessment system meets the
needs of all those who come into contact with it.

Valuers and risk analysts for example show increasing
interest in sustainability-related information when calcu-
lating mortgage values, and project financing risks. Risk-
relevant and value-relevant factors are of particular
interest. At the moment banks are mainly interested in
assessments in the form of a fully aggregated assessment
results, but it is known that they also require certain
information regarding specific assessment criteria or the
underlying project information, in order to use these for
their own analysis and their own tools.

Table 1. Interrelation between goals and assessment issues (examples).

Goals

Issues

Preservation of resources from over-use and depletion
(energy sources, raw materials, land, water)

Protection of ecosystems from undesired effects of emissions and waste products

on the local and global environment.

Protection of ecosystems from undesired risks

Protection of biodiversity

- consumption of renewable energy

- consumption of non-renewable energy
- consumption of biotic raw materials

- consumption of abiotic raw materials
- consumption of potable water

- use / conversion of land

- impacts on the global environment

- impacts on the local environment

- risk of harmful ingress of

pollutants into air, water and soil
- protection of biodiversity on site
- protection of global biodiversity
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Table 2 shows further stakeholders with potential
interests in assessment results who have been analysed in
terms of their information requirements, due to their
respective roles and positions, and specific level of
knowledge. It becomes clear that assessment methods and
results can play additional roles.

Different stakeholders require different types of
information. Some, for example valuation surveyors,
want to integrate relevant information into their own tools
in order to help their decision-making.

A survey showed therefore a clear preference for
partially aggregated results (see Figure 4). Detailed, non-
aggregated results of the assessment are most valuable
for researchers, academics, architects and designers and
manufacturers. Facility managers, planning authorities,
authorities (policy makers), clients and users demand
partially aggregated results. Fully aggregated results are
at the moment the most useful results from point of view
of the banking sector, estate agents, insurers and grant
providers, community representatives, valuers and end
users. However, the authors predict that these groups will
also become interested in a number of more detailed
results in the medium therm. It is not only important to
match the users’ needs in terms of aggregation levels of
the results, but also to follow their needs by considering
how they use the tool. Different stakeholders use the
assessment tools for different purposes and at different
steps of the process. They have different limitations in
terms of time and finances as well as different
information requirements. An architect making a choice
between several alternatives based on initial sketches
clearly has different needs and priorities to those of an
investment fund manager looking for a suitable real
estate portfolio to invest in. In order to obtain a clearer
view regarding the types of uses, part of the project
survey was dedicated to this topic (see Figure 5).
Academics, researchers, valuers, users of buildings,
contractors and clients find a comprehensive assessment
tool most useful. Architects and designers and to a degree
also property owners want a simple self-assessment tool.
Community representatives and planning authorities
prefer a short checklist. Third party certification is most
suited to valuers, manufacturers, authorities, grant
providers, planning authorities and professional
associations [43].

Such diverse needs underscore the necessity for a
systematic top-down approach, which allows the tackling
of the areas of protection at different levels of detail
without losing sight of the overall goals of the
assessment.

5.3 Consequences for result presentation

Different stakeholders use sustainability assessment
systems and their outputs in various ways. Assessment

results in particular should be prepared and presented to
suit these. Different types of results are:

e Fully aggregated results of the entire assessment (in
the shape of a label or certificate);

e Partially aggregated results (results per criteria
group, per theme group);

e Assessment results for individual criteria;

e The results for each indicator in terms of the actual
(un-assessed) project information.

Results should be provided in a range of aggregation
levels:

e Raw building data behind the assessment (e.g.
energy consumption in kWh);

e Assessment result aggregated into an indicator level
(the value, absolute or relative, achieved for this
indicator);

e Aggregated results at indicator group level (the
score fulfilled across a sub-group of indicators —
e.g. all comfort-related or all energy-related
indicators);

e Aggregated results at main group level (the score for
each of the main categories: environmental, social,
economic, technical and location);

e Results aggregated into one main result or single
score.

This topic requires further research as well as the
assessment of experiences from practical applications.

6. Recommendations for further development of
sustainability assessment systems

Having previously set out key principles for sustainability
assessments systems in general terms, these are, in the
following, turned into concrete recommendations.

A crucial aim of this paper is to introduce an approach for
the structuring of sustainability assessment systems, based
on a top-down approach on the one hand and based on the
requirements of relevant stakeholders on the other. The
authors intend for these recommendations to help in
particular the development of new systems or the further
development of existing systems. The proposed structure has
been presented in Figure 6. This paper concentrates on the
integrity of the conceptual framework of sustainability
assessments, leading to the following general
recommendations.

The following process is being proposed:

(a) Striving towards a more precise definition of
sustainability

The translation of principles for sustainable development

requires a targeted discussion of the interdependencies and

reciprocal effects of social, economic developments, while

at the same time taking into account environmental
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Figure 4. Preferences on aggregation levels [Hajek and Lupisek, 2010].

protection and preservation of resources. This requires the
consideration of environmental and social, as well as the
economic, dimension of sustainability. Already at this point
fundamental decisions are being made. A decision is being
made whether the notions of strong or weak sustainability
are being followed [44]. At the same time the question arises
as to what weight is being attributed to environmental issues
in relation to social and economic issues. From the point of
view of the authors this is a political decision to be made.
It is recommended that as part of the dimension of
sustainability the relevant areas of protection are defined.
This would be analogous to LCA practices (where the terms

Others .
2%\ - Short checklist

Third party | 7%
certification g \
21% \ \
Comprehensive

A / assessment
g tool

53%

Simple self-
assessment
tool
17%

Figure 5. Demand for different types of tools [Hijek and
Lupisek, 2010].

‘areas of protection’ or ‘safeguard subjects’ can be found in
literature). In the context of an assessment these can then
serve as ‘end-points’ [45].

(b) Specifying overarching goals
Goals can be deduced from the areas of protection. The way
and the extent to which these goals are being met can be
assessed. The goals therefore provide the foundation of the
assessment criteria and assessment scales to be developed.
The steps a) and b) represent very general principles
for the development of systems. Since they originate from
the areas of protection and related goals (top-down
approach), it is ascertained that the full breadth of
sustainability issues are being covered, but also that they
are in line with the general principles and management
practices for sustainable development. However, this
general approach has to become more specific as it is
adapted to the object of assessment (in this case buildings).

(c) Adaptation to the object of assessment

A step is necessary, where the general principles listed
above, that are true for any type of sustainability assessment,
are made more specific and adapted to the specific object to
be assessed. In this case the object to be assessed is the
building and the site it stands on, as these are physically
connected and for the purpose of a sustainability assessment
closely interdependent. One important aspect in this context
is the definition of the functional equivalent. Furthermore it
has to be ascertained, that the information required for the
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Figure 6. SuPerBuildings system structure and context [Liitzkendorf and Immendorfer, 2010].

assessment is at all obtainable, in so far as there are
interdependencies between available information and the
nature of the assessment. (Environmental aspects can only be
assessed using LCA, if LCA-data sets are readily available).

(d) Development of a structure of assessment criteria
In accordance with the requirements of the object of
assessment (i.e. the building and plot) an appropriate

structure for the sub-sets of assessment criteria needs to
be found. Weights of sub-sets of criteria in relation to
others are once again a political decision. When groups of
criteria are weighted internally, weighting factors can be
based on principles of their scientific relationships. It is
recommended that in the interest of a modular structure
the characteristics and qualities of the location are
captured in a separate module, the same applies to
technical qualities.
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For the other groups of criteria key consideration
should be given to distinguish between criteria relating to
the building and site and between criteria relating to
physical building characteristics and those relating to
processes.

Treating the qualities of planning processes, construc-
tion processes and the operation separately can help
motivate those parties involved in these processes, leading
to an improvement in the quality of their work. On the
other hand, it ascertains that these processes are not treated
at the same level as those relating to the physical building
and plot (energy monitoring and targeting is not
necessarily an indicator for the energy efficiency of the
building).

Assessing the qualities of the planning and construction
processes and building related social aspects in isolation is
difficult, as these can hardly be separated from the
functional qualities of the building. It is therefore proposed
to combine these aspects into one group.

The groups of assessment criteria can be ordered
logically. The environmental quality can be subdivided into
global, regional, local and site-specific aspects.

Social sustainability issues can be broken down further
into aspects relating to individuals, groups (e.g. tenant
groups), neighbourhoods, the local community, society at
large and furthermore also those groups involved in the
production, construction and operation of the building.
Economic sustainability issues can be subdivided into those
relating to the end user perspective, those relating to the
owner, those of the local community and again, those of
society at large.

Individual assessment criteria will not be presented
here but readers are referred to ISO 21929-1 [22]. It is
however important to point out that indicators that are to
be used have to be truly appropriate for new buildings or
respectively for existing buildings (by for example
assessing energy demand for the former, but energy
consumption for the latter, predicted mean vote (PMV) for
the former but actual measured user satisfaction for the
latter). The consequences of choosing the multiple effect
approach for the system structure need to be studied
further.

(e) Assessment results and presentation of results

In accordance with the requirements of the different target
groups (see also section 4) assessment results must not
only be given as fully aggregated results. Detailed results
for individual indicators must also be provided.
Especially, where weighting factors are being used, their
use must be made transparent and comprehensible. In the
interest of future repeat-assessment of a building and in the
interest of third parties using an assessment as a resource
for building information, raw data must also be made
available in addition to the assessed data.

(f) Using assessment results to support decision-making
processes

The ultimate aim of sustainability assessments is to
actively support stakeholders in their decision making
processes or alternatively, to passively influence their
decisions. There is the potential for a crucial feedback loop
in as far as such decisions can contribute to the achieving
of the strategic goals relating to the areas of protection.
The stakeholders involved can therefore become more
aware of the influence they have in implementing
sustainable development.

As a result, sustainability assessments are no longer
mere marketing instruments. They can serve as sources of
information for due diligence, for portfolio analysis, for
valuations and for rental or sales decisions. The
process of the assessment in itself supports the
formulation of agreements on goals as well as quality
control and quality assurance. A resulting added value can
increase the demand for sustainability assessments.
Ultimately, sustainability assessments will become part
of holistic approach to decision making, by showing in
each of the situations mentioned above, how the
overarching areas of protection can be influenced by
system users.

7. Summary

This paper presents a range of proposals for the
further development of sustainability assessment
systems. It is hoped that these recommendations may
lead to the positive outcome of systems moving closer
in terms of their content, allowing for better compar-
ability, without however, questioning the autonomy
of these systems. A top-down approach is recom-
mended, which deduces the system structure and
indicators from the areas of protection and shows system
users the influence they have on these. Greater alignment
of assessment systems with standardisation is also
required.

In this context crucial issues are the treatment of
multiple effects and (related to it) the safeguarding of
validity of indicators. Initial outcomes regarding these
issues have been presented. Further research is required
and expected to emerge from the current EU-project
SuPerBuildings in due course. Project results can be found
at http://cic.vtt.fi/superbuildings.
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Notes

1. DGNB and BNB are based on the same methodology. BNB
has been specifically adapted to the needs of the public sector
and is now obligatory for all new buildings of the German
Federal Government. DGNB cooperates with numerous
partners worldwide.

2. The term ‘areas of protection’ is used in this paper, as this is
commonly used in literature on LCA. The term is found to be
problematic by native English speakers, as it has been clearly
coined by non-native speakers, nevertheless it is common in
literature. Other terms used synonymously are ‘safeguard
subjects’, ‘areas of concern’, or ‘impact areas’.
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This paper presents building design strategies for reducing embodied energy and embodied carbon dioxide
emissions as developed within the International Energy Agency’'s Energy in Buildings and Communities Programme.
The design strategies are illustrated using three case studies of design optimisations of building elements, the
building structural system and the whole building. The first case study shows the environmental optimisation of a
curtain wall facade element using bio-based materials. The second case study presents the optimisation of the
structural system for a residential building by lightening the floor structures through utilising ultrahigh-performance
concrete and vertical elements with reduced cross-section. The third case study presents an alternative design for a
passive-design family house in Prague in the Czech Republic, leading to hybrid construction of light prefabricated

concrete elements, a timber frame and a timber-based building envelope.

1. Introduction

In the last several years, European countries have significantly
improved the standards and legislation related to the energy
performance of new buildings (EPEC, 2009). Part of the life cycle of
a building considers the environmental impacts and resource use of
the operational stage of a building’s life (modules Bl to B7
according to BS EN 15978:2011 (BSL, 2011)), but this stage has now
become a less significant contributor with respect to the entire life
cycle given the improved environmental efficiencies of both new and
refurbished buildings. However, the impact of the product stage and
the construction process stage (modules Al to AS according to BS
EN 15978:2011 (BSL 2011)) in the entire life cycle is now
proportionally larger (Vonka, 2006; Vukotic et al, 2010). This
realisation has led various researchers to investigate embodied energy
(EE) and embodied greenhouse gas (GHG) emissions in buildings
more deeply (Ibn-Mohammed et al., 2013; Rennie, 2011) and to use
the amount of EE or embodied carbon dioxide equivalents (EC) as a
key design optimisation indicator (e.g. Knight and Addis, 2011;
Moncaster and Symons, 2013). These indicators are also now
becoming included in building sustainability assessment schemes
(e.g. Mateus and Braganga, 2011; Vonka et al., 2010). The stages
where energy and carbon dioxide emissions become embodied into
buildings have been studied within Annex 57 of the International
Energy Agency’s (IEA) Energy in Buildings and Communities
(EBC) Programme (hereafier referred to as Annex 57). Annex 57 has
formulated a set of design strategies for reducing the levels of EE

and EC. These design strategies are discussed and exemplified in this
paper.

1.1 Objectives

The main objectives of this paper are (a) to introduce design
strategies for reducing the levels of EE and EC, (b) to present the
application of these strategies to case studies from the Czech
Republic and (c) to evaluate the achieved environmental benefits
in comparison with business-as-usual designs.

2. Background

2.1 |EA EBC Annex 57

The IEA is running a programme known as Energy in Buildings
and Communities, which is currently supporting 15 projects or so-
called Annexes (IEA, 2016a). One such project, which started in
2011 and which has been led by Utsunomiya University, Japan, is
Annex 57, entitled Evaluation of Embodied Energy and Carbon
Dioxide Emissions for Building Construction. The main objectives
of Annex 57 are (a) to collect existing research results concerning
EE and EC emissions due to building construction, to analyse the
results and to summarise them into the state of the art; (b) to
develop guidelines for the methods for evaluating the EE and EC
equivalent emissions associated with building construction; and (c)
to develop guidelines for the measures for designing and
constructing buildings with lower levels of EE and EC (IEA,
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2016b). The present paper is focused on the third objective and
describes some examples of strategies developed for the reduction
of EE and EC emissions.

3. Design strategies for the reduction of EE
and EC

The work within Annex 57 was divided into five subtasks (STs):

ST1, basics; ST2, literature survey; ST3, evaluation methods for EE

and EC; ST4, design and construction methods for buildings with

low EE and low EC; and STS, overall research plan, publication

and dissemination.

The need to formulate design strategies for reducing the levels of
EE and EC equivalent emissions in buildings arose from the
recognition that these core sustainability issues are becoming
more important in the building design process, particularly in the
carly stages of the process. Each architect must address these
issues properly in his/her own workflow. Sometimes, the approach
is one of coordinated action of the whole design team, but more
commonly the effort is driven just by intuition, leading to mixed
results. This fact was one of the main motivations for the
initiation of Annex 57.

The ST4 team drafted the strategy in four steps

= reducing the overall consumption of materials throughout the
entire life cycle

B substituting conventional materials with alternatives with
lower environmental impacts

= reducing the impact of the construction stage

®  designing for a low-impact end-of-life stage.

The team for ST4 gathered more than 90 life cycle assessment
(LCA)-based case studies and conducted an extensive analysis of
these case studies, aimed at identifying effective approaches to the
reduction of EC emissions and EE and their generalisation into
formulated strategies (IEA, 2016c¢).

3.1 Strategy 1: reduction of the overall consumption of
materials throughout the entire life cycle

The strategy of reducing the consumption of materials was further

divided into six sub-items

1.A: reuse of building structures

1.B: optimisation of building form and layout plan
1.C: flexible and adaptable design

1.D: lightweight constructions

1.E: low-maintenance design

1.F: components’ service life optimisation.

Strategy 1.A proposes reusing the existing building or integrating
existing building elements into the new design before starting the
completely new construction. Strategy 1.B focuses on the precision
of the spatial arrangement of the layout in line with the intended
purpose of a building, which can lead to a reduced built volume of

Design strategies for buildings with low
embodied energy
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the building and thereby reduce the use of primary materials.
Strategy 1.C proposes that the design team look into the future and
design building elements and spaces in a way that easily enables
future adaptations to be made to the building, including modifying
it or completely changing its use, without the need to rebuild or to
build a completely new building for the intended change in use.
Strategy 1.D aims at the possible reduction in the use of building
materials as a result of optimised orientation, span and shape of the
building as well as the properties of the materials used. Strategy
1.E, low-maintenance design, encourages architects to prefer simple
(and thus low-maintenance) surfaces and verified details to reduce
the future amounts of materials needed to maintain structures or
replace elements when deterioration or malfunction occurs. Strategy
L.F serves as a reminder to design teams to optimise the service life
of used components, which should result in the design of high-
quality components with longer expected service lives, or in the
combining of sets of components with similar expected service lives
(e.g. a set of building technology components that can be replaced
together in a single step), as well as allowing easy access to and
replacement of those building components that have shorter service
lives compared with the surrounding components and/or structures.

3.2 Strategy 2: substitution of conventional
materials with alternatives with lower
environmental impacts
The strategy substituting conventional materials with alternatives
includes three sub-items

= 2.A: the utilisation of recycled materials

= 2.B: substitution with bio-based and raw materials

u  2.C: the use of innovative materials and technologies with
lower environmental impacts.

Strategy 2.A encourages the use of recycled materials instead of
new materials as much as possible. Strategy 2.B proposes to
utilise bio-based materials derived from sustainably managed
sources and raw materials, as these usually have lower EE levels
and lower carbon dioxide footprints compared with manufactured
materials. Strategy 2.C promotes the use of innovative materials
and technologies as possible replacements for existing solutions
(when the environmental burden is proved to be lower than that
of conventional materials).

3.3 Strategy 3: reduction of construction stage impact
The construction stage is associated with EE and EC derived from
transporting materials from the factory to the construction site
(module A4 according to BS EN 15978:2011 (BSI, 2011)) as well
as from the installation process (module AS according to BS EN
15978:2011 (BSL, 2011)). The installation process does not
usually make a significant contribution to the overall impact of
the life cycle of the building (Zhang et al., 2013) although, in
some cases, the transportation impact is sufficiently large to
necessitate consideration. It is recommended that local materials
should be used to avoid the high EE and EC of this stage and to
reduce energy consumption during construction.



3.4 Strategy 4: designing for a low-impact

end-of-life stage
This strategy proposes to ease the future reuse of building
clements by applying a design for disassembly approach and
using materials that are recyclable using present technologies,
both of which should lead to potential future reductions in EE and
EC.

4. Methodology

The research approach of this paper is to take three case studies of
environmental optimisation and indicate which of the carlier
mentioned design strategies were used in the optimisations. The
benefits of the optimisation in each case study are then analysed
with the aim of developing conclusions on the potential benefits
of applying the utilised design strategies in a more general way.

5. Case studies

In this paper, the mentioned design strategies are applied to
building elements (case study 1, or CS1), to the building structural
system (CS2) and to the whole building (CS3) (Table 1).

5.1 CS1: the design of curtain wall facade elements
using bio-based materials
5.1.1 Case study description

The research project in the Czech Republic termed ‘Intelligent
Buildings’ focused on developing a new environmentally friendly
curtain wall system (CWS) for deep renovations of existing
buildings and for new buildings at a nearly zero-energy standard
(Tywoniak et al., 2014a, 2014b). The main motivation for the
development of the new-generation CWS was a market demand
for an environmentally friendly solution for replacing original
aluminium and glass-based CWSs used in central European
buildings between the 1960s and the 1980s and which are now
coming to the end of their service lives. In a typical retrofit
scenario, the old CWS is replaced with a modern metallic CWS
that is usually based on aluminium or steel structural elements.
The subject of optimisation in the present study is a typical
replacement for a single wall panel with a height of 3-3m and a

width of 1'5m with an integrated window (position 05 in
Figure 1).

The main design prerequisite to ensure the market uptake of
the new CWS system was to have a competitive price and to
match or surpass the key technical parameters of present
standard metallic CWSs available on the market while also
having lower environmental impact and comparable or better
thermal properties. The key parameters were requirements for
U values, limited thermal bridges, watertightness and airtightness,
fire resistance and improved values of environmental indicators
based on LCA. As the new CWS was intended for necarly
zero-energy buildings, there were additional defined requirements
for the possible integration of both external venetian blinds
to prevent summer overheating and renewable energy sources
onto the facade. As buildings for education was one of the main
target typologies, there was also a requirement for the very fast
replacement of the obsolete CWS by the new system.

5.1.2 CS1: application of design strategies and the
resulting design

The main strategy used in the design process was strategy 2.B:

the substitution of existing materials with bio-based and raw

materials.

The core requirements for the environmental properties of the
CWS were

= over 50% of the mass should consist of renewable materials

= minimal use of materials with high environmental impacts
(e.g. metals)

= lower environmental impacts in comparison with those of

conventional CWSs

maximum utilisation of local materials (produced in the country)

the CWS production technology should generate minimum waste

casy maintenance

dismantling and recyclability of the CWS should be as simple

as possible.

Subject Design stage Applied design strategies
cs1 Curtain wall facade elements using  Building m  Substitution for bio-based materials
bio-based materials elements m Use of innovative materials with lower environmental impacts
®  Reduction of construction stage impact
m  Design for low impact of end-of-life stage
CS2 Lightweight structural system based  Structural = Lightweight constructions
on advanced silicate materials and  system m  Utilisation of recycled materials
recycled materials m Use of innovative materials with lower environmental impacts
CS3 Family house with hybrid timber and Whole ®  Flexible and adaptable design
concrete structures building m Lightweight constructions
m  Substitution for bio-based materials

Table 1. Overview of presented case studies




Figure 1. Schematic drawing of CWS panel types on a building
due for renovation. The panel in position 05 was the subject of
optimisation in CS1. Source: Bures et al. (2015)

The structural elements of the designed panel were designed using
laminated veneer lumber. Panelling is made of oriented strand
boards, window frames are constructed of wood and external
window cladding uses thermally treated wood. Thermal insulation
consists of wood fibre and cork (see the visualisation of panel
composition in Figure 2). The resulting new CWS panel contains
93% by weight wood-based materials in its opaque variant and
65% in its transparent variant. Some of the listed materials also
apply to strategy 2.C: the use of innovative materials with lower
environmental impact. With respect to this strategy, laminated
veneer lumber is a stable and modem bio-based material that
allows very precise machining and which has a relatively high
bearing capacity. The use of this material enables a significant
reduction to be made in the dimensions of elements (compared
with standard timber). In addition, thermally treated wood is a
low-maintenance material that is much more durable than
standard timber.

Strategy 3, reducing the construction site impact, was also applied.
The final design includes a high level of prefabrication and
climinates the need for scaffolding use on site, which significantly
reduces installation time. Strategy 4, designing for a low-impact
end-of-life stage, is addressed through the anchoring system of the
panels, which enables easy future disassembly (Figure 3).

To check compliance with the requirements, the designed CWS
was prototyped and underwent extensive testing of its technical

4

properties in accredited laboratories (airtightness and watertightness,
acoustic performance, full-scale fire resistance tests) and in the
authors’ laboratories at the University Centre for Energy Efficient
Buildings (UCEEB) of the Czech Technical University in Prague
(double climatic chambers, long-term testing in real conditions)

(Figures 4 and 5).

5.1.3 (S1: assessment methodology

A simplified LCA comparing a panel of the new CWS with a
conventional aluminium panel of similar size and thermal
transmittance was conducted to evaluate the environmental
benefits of the new CWS panel.

5.1.3.1 BOUNDARY CONDITIONS

The functional unit is one CWS panel with a height of 3:3 m and a
width of 1-5 m with an integrated transparent part (window: 1-8 m?)
and thermal performance expressed by a thermal transmittance of
U= 0-57 W/(m® K).

A service life of 30 years was considered for both alternatives and
with no replacement of materials during the service life.

The reference flow was defined as the mass of construction
materials needed to create a functional unit with a service
life of 30 years. Data for individual materials in the windows
were used because of the lack of inventory data for window
assemblies.



Figure 2. Visualisation of designed CWS panel from CS1
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Figure 3. Visualisation of CWS installation (CS1)

Wooden window:
triple-glazed

Rubber sealing:
fixed in aluminium profile

Thermal insulation layer:
wood fibre

Construction board:
wood fibre

Ceiling structure:
oad bearing

Connecting element:
adjustable

Thermal insulation layer:
corkboard

External blinds:
remote controlled

External dadding:
thermowood

Ventilated facade:
photovoltaic panel

Bearing frame:
laminated veneer lumber

Airtight layer:
oriented strand board




(@
Figure 4. Long-term testing of sample panel from CS1 (variant

with integrated photovoltaic panels). (a) Installation of sensors;
(b) assembly on site; () the final look of panels in the tested

facade. Sources: LupiSek et al. (2015) for (a) and (b) and Monika
Zitnikova of UCEEB for (c)

The system boundary was cradle-to-gate (modules Al to A3
according to BSI (2011) were included).

Environmental data for construction products were taken from
German environmental product declarations (EPDs) (German
EPDs are up to date and specific to actual construction products,
and German and Czech construction market and production
technologies are similar).

The selection was made according to the best-matched building
materials used in the panels of the CWS and the technologies
described in EPDs.

Several assumptions were made considering LCA data quality.

= Time-related representativeness: German EPDs are new and
specific to actual building products.

1500 1500 1500 1500

Figure 5. Photograph and schematic illustration of designed CWS
from CS1 pilot installation on the south facade of the UCEEB,
Czech Technical University, Prague. Source: Tywoniak et al. (2015)




= Geographical representativeness: the German market is very
close to the Czech market. The electricity mix is closer than
the Swiss one, for example (another option was to use the
Ecoinvent database (Ecoinvent, 2016)). Furthermore, the data
from German EPDs are considered to be highly consistent and
plausible according to the same product category rules used
for calculations and the unified system of Institut Bauen und
Umwelt.

m  Technological representativeness: production technologies
were assumed to be similar.

By applying cutoff rules, ancillary materials were excluded.

The assembly processes of the final CWS panel were not included,
as they consisted mainly of manual work, or no data were available.

5.1.3.2  LIFE CYCLE ASSESSMENT

During the impact assessment step, environmental impacts were
calculated on the basis of reference flows for both curtain wall
alternatives and the selected environmental indicators: global
warming potential (GWP), ozone depletion potential (ODP),
acidification potential (AP), cutrophication potential (EP),
photochemical ozone creation potential (POCP) and total use of
non-renewable primary energy resources (PEl..). The set of
indicators was selected according to the Czech national building
sustainability certification scheme SBToolCZ (Vonka et al., 2013)
so that the results of LCA could be further used for certification.

5.1.4 CS1:results

The results of the interpretation stage of the comparative LCA are
summarised in Table 2 and displayed in Figure 6. It is evident that
the wood-based CWS panel caused lower impacts in all six
environmental parameters. The large difference in GWP is caused
mainly by the amount of biogenic carbon dioxide embodied in the
wood-based materials, which is included in the LCA calculations
according to the product category rules. This issue makes a big
difference and depends on the LCA methodology; however, the
authors” team supports this approach.

The only indicator that is almost the same for both variants is the
ODP. The reason for such a result may be that ODP values are
generally very low for all building materials, as the main
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Figure 6. Results of a cradle-to-gate analysis: a comparison of the
cradle-to-gate environmental impacts of a wood-based CWS panel
(CS1) with an aluminium-based CWS panel with similar U values
and service lives. The reference level (100%) represents the
environmental impacts of an aluminium-based CWS panel. The
numbers above the bars (in per cent) show the ratio of the
environmental impacts of a new wood-based CWS panel to those
of an aluminium-based CWS panel

chlorofluorocarbon  and  hydrofluorocarbon  pollutants  are
forbidden in the production processes. However, as the relevant
life cycle inventory data were not available during the LCA, other
possible reasons may also apply.

It was very important to find the main critical point in the
environmental performance of the CWS during its development.
Therefore, the contributions of different materials to the overall
impacts of the CWS were examined. Regarding the wood-based
CWS variant, the highest impacts were associated with the
wooden materials, which is expected as their mass percentage in
the CWS panel is 65%. The impacts of the aluminium and steel
parts were very high (43% in the case of AP and 23% in the case
of PEL,.), despite their combined mass being only 7% of the total.

An interesting result was the non-renewable energy indicator,
which had similar values for the two CWS variants. The largest

Curtain wall GWP: ODP: kg AP: kg sulfur dioxide EP: kg phosphate POCP: kg PElre:
type kgCO,e  chlorofluorocarbon-11 eq. (SO,) eq. (PO) eq. ethene eq. M)
Wood 251 2:36 x 107° 1-976 0-6538 0-1291 4765-2
Aluminium 8304 2:40 x 107° 6-582 0-7828 0-3764 11634-8

kgCOgze, kilograms carbon dioxide equivalent; eq., equivalent

Table 2. Results of simplified comparative LCA of wood-based
curtain wall panel and aluminium-based curtain wall panel
(495 m?, including 1-8 m? window)




part of PEl,. in the case of the aluminium-based variant is
contributed by the aluminium parts. The reason for this is
probably the high proportion of hydroelectric power used for
aluminium production, but because of the unavailability of life
cycle inventory data, the reason for such a high renewable energy
value remains unverified.

Overall, all the environmental indicators of the wood-based CWS are
lower compared with those of the aluminium-based variant; thus, the
wood-based CWS has better environmental performance. Therefore,
the objective of creating a structure that is more environmentally
friendly than the conventional aluminium-based CWSs was attained.
The method of applying strategy 2.B showed its benefits.

However, there is still scope to improve the environmental
performance during further development of the product. The
potential lies in optimising and simplifying the complex shape by
reducing the number of components.

5.2 (CS2: lightweight structural system based on
advanced silicate materials
5.2.1 (S2: case study description
The subject of this case study is a general structural system of a
small six-storey house with a ground plan of around 10 m x20m
that can be used as a residential or office building (see drawings
in Figures 7 and 8). The house is designed with a universal layout
cnabling the inclusion of many feasible structural and material
alternatives. The layout of the building is intentionally not just
rectangular to allow architectural flexibility. The typical structural
system for such use would be typically made as a concrete
skeleton consisting of full concrete floor slabs (230 mm thick) and
squared columns (350 mm x 350 mm in cross-section). This is the
reference scenario, termed VO’ (Figure 9).

5.2.2 (CS2: application of design strategies and
resulting design

The case study presents a combined approach using strategy 1.D
(lightening of the structural system), strategy 2.A (the utilisation of
recycled materials) (Hajek et al., 2014) and strategy 2.C (the use
of innovative materials with lower environmental impacts). In the
first step, variant 1 (V1) was designed (see Figure 9) with features
of standard ‘lightening’ of concrete structures: the full reinforced
concrete (RC) floor slabs were replaced by prefabricated hollow
panels (250 mm high), which enabled the dimensions of the load-
bearing concrete columns to be reduced to 300 mm x 300 mm (a
reduction of 27% in cross-sectional area). In the next step (V2),
floor panels with a height of 250 mm were designed with ultra-
high-performance concrete (UHPC) lightened by lightening
clements (a mixture of waste wood shavings and cement) (Figures
9 and 10). The columns were also redesigned: the lowered weight
of floor slabs and the utilisation of UHPC cnabled a design of
column cross-section of just 200 mm x 250 mm with an additional
gutter on one side, which can be further used for thermal
insulation, piping or cabling ducts (a reduction of 68% in cross-
sectional area compared with the columns of VO0).
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5.2.3 (S2: assessment methodology
The detailed LCAs of V0O, VI and V2 were made with the

following assumptions

= VO: reference monolithic RC frame structure made of concrete
C30/37 with column dimensions of 350 mm x 350 mm,
girders of 350 mm x 500 mm and monolithic floor slab with a
thickness of 230 mm, with main reinforcement in one
direction.

= V1: precast RC frame structure made of concrete C30/37 with
column dimensions of 300 mm x 300 mm, precast girders of
300 mm x 450 mm and hollow core panels with a thickness of
250 mm.

= V2: optimised high-performance concrete (HPC) frame
structure made of concrete C100/115 with columns with
reduced cross-sectional girder dimensions of 200 mm x
400 mm and floor structure panels as shown in Figure 9. Floor
panels are lightened by lightening elements from wood
shavings concrete, and the HPC parts are reinforced with
dispersed steel microfibres amounting to 80 l.cg/m'1 fresh
concrete (1% vol.).

The functional unit constitutes the whole structural system of a
six-storey residential or office building (Figure 8). The analysis
was focused primarily on load-bearing structures (building
envelope, partitions and surface finishes were excluded as they
can be identical in all variants). In the following analysis, an
expected life span of 100 years for the frame structures was
considered for all alternatives. The reference flow was defined as
the mass of construction materials needed for the creation of a
functional unit and its end-of-life treatment. The construction
phase of the life cycle covers the production of cement,
aggregates and admixtures; transport of the raw material to the
concrete plant; concrete production with respect to production
technology (precast or monolithic); pumping of fresh concrete;
formwork; and transport to the building site (crane). Wood
shavings are considered as a waste product; therefore, only energy
for transporting wood shavings to the concrete plant is considered
in the analysis. The end-of-life phase calculates the amount of
waste from demolition, the number of demountable components
that can be reused and the related transport. Environmental data
were taken from Concrete LCA™'“% a database of regionally
available materials based on data provided by companies
producing and/or selling their products mainly in the Czech
market (Fiala, 2011).

5.2.4 (CS2:results

Figure 11 presents a comparison of the assessed alternatives. A
reference level of 100 was given to VO (a monolithic RC frame
structure  of C30/37 concrete), which has the highest
environmental impacts in all the assessed criteria. The V1
alternative (precast RC frame with hollow core precast slabs)
showed a reduction of 30% in the consumption of raw materials
compared with V0, and the lightened structure of V2 showed a
further 24% reduction. V2 represents the highest reductions in all
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Figure 7. Section of the subject of CS2 - a six-storey residential or
office building (dimensions in m)

the assessed environmental criteria except for water consumption
(because of the high water absorption of lightening elements from
wood shavings concrete). The reduction in the environmental
impacts of V2 ranged from 10 to 54% compared with VO and
from 2 to 24% compared with V1 (see Figure 11). The values of
EE and EC of the V2 alternative are comparable with those of
V1. The results of the analysis confirmed the initial expectation
that the optimised HPC frame structure is the most
environmentally friendly alternative of the three assessed
alternatives. The assessed high levels of mechanical and
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| | | |
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environmental performance of new silicate composites form a
basis for the wider application of HPC in building construction in
the future.

5.3 (CS3: family house with hybrid timber and

concrete structures
5.3.1 (S3: case study description
The subject of this case study was a single-family house located
in Prague, Czech Republic (Hajek et al., 2010). The three-storey
house with ground plan dimensions of 9m x 13-5m is built on

9
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Figure 8. Ground plan of a typical floor of the subject of CS2 —
a six-storey residential or office building

sloping terrain, so its basement with a garage is partially
underground (see Figure 12). The business-as-usual practice of
building such a family house according to current energy-
cfficiency standards is to use masonry walls (hollow ceramic
brick blocks 440 mm thick) for the vertical structures and RC
floor structures with hollow ceramic fillers. This business-as-usual
design was the reference scenario (V0). However, the investor had
a requirement that the house should be energy efficient and that
the environmental impact should be minimised over the whole life
cycle, so variant V1 was designed as a passive house built from
business-as-usual materials (ceramic hollow brick blocks 240 mm
thick with 300 mm external thermal insulation composite system

350

T—»

| 230 |

350

]

| 250 |

| 280 |

Figure 9. Designed structures in the variants of CS2. Left: typical
vertical cross-sections of floor structures. Right: typical horizontal
cross-sections of columns (dimensions in mm)

(Etics) made of polystyrene, and RC floor structures with ceramic
hollow fillers). The energy system consists of wood pellet heating,
a solar thermal system and thermal water storage of 0-5m®. The
mechanical ventilation unit is equipped with efficient heat
recovery (efficiency ~80%). A photovoltaic system is placed on
the southern part of the pitched roof with an installed peak power
rating of 5:77 kW peak.

The design of V1 was further improved with the help of design
strategies 1.D (the use of lightweight constructions) and 2.B (the
substitution of conventional materials with bio-based materials),
resulting in V2 described in the next section.

e B

Figure 10. Samples of wood shavings concrete, which was used a
floor structure filler in CS2
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Figure 11. Aggregated results of CS2: consumption of raw
materials, consumption of water, primary energy input, GWP, AP
and POCP. A value of 100% represents VO (reference level). Data

from Hajek et al. (2014)
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5.3.2 (S3: application of design strategies and
resulting design

The application of the design strategies was limited by the fact
that two sides of the first floor contacted the subsurface, so this
floor used monolithic RC to resist soil pressures and to be
waterproof. A far greater degree of design freedom was allowed
for the rest of the building, whereby the strategy of flexible and
adaptable design resulted in the decision to construct the weight-
bearing vertical structures on the ground floor from concrete
columns (V2). In V3, substituting the material of perimeter walls
(business-as-usual hollow bricks) with timber structures (a two-
by-four system) led to an additional lightening of the whole
structure so that the dimensions of the load-bearing concrete
columns of the ground floor could be minimised and hidden in
the timber building envelope (Figures 13 and 14). The thermal
insulation of the external walls has a U value of 0-11 W/(m*K), a
result of massive thermal insulation composed of rock wool. The

+7-500
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E | st floor

+0-000
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Figure 12. A family house (CS3). Left: cross-section. Right: plan of
ground floor. Source: investor's documentation for building permit

90m

mean value of thermal transmittance of the building envelope
does not exceed 0-16 W/(m?K). In V1 and V2, the roof was
retained as a timber structure as in V0, although more thermal
insulation was added to achieve a reduction in operational energy.
In V3, masonry internal partitions were replaced by structures
with a timber structure filled with acoustic insulation and covered
by plasterboards.

5.3.3 (S3: assessment methodology

Detailed calculations of environmental impacts and resource use
were calculated for the ground floor of the finished house, which
was a functional unit (including load-bearing structures, partitions
and external walls with thermal insulation). Besides VO (the
business-as-usual reference variant), V1 was assessed as a house of
the same shape and purpose, built in a typical fashion for passive
house standards (ceramic hollow brick blocks 240 mm thick with
300mm Etics made of polystyrene and RC floor structures with

Ground floor

90m * 45m

135m

1
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Figure 13. Minimised concrete columns are hidden in the building
envelope (CS3). Left: detailed horizontal cross-section of the
building's ground floor corner. Right: simulation of temperature

Concrete

distribution for winter design temperatures (to check that there is
no risk of humidity condensation on the concrete structure).
Source: Tywoniak and Stané&k (2011)
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Figure 14. Construction of the family house from CS3. Left:
structure of the second floor and timber frames of the third floor.
Centre: complete structural system, prepared for installing a

sandwich of external walls; thermal insulation is placed inside.
Right: the nearly completed house

ceramic hollow fillers), and V2 was assessed as a light RC frame
structure with timber external walls and timber internal partitions.
The LCA was conducted as a simplified cradle-to-gate cycle. The
reference flow was defined as the materials needed for the creation
of a functional unit. The environmental data were taken from the
Passivhaus-Bauteilkatalog (Waltjen, 2008).

5.3.4 CS3:results

The results (Table 3, Figure 15) show that the optimised structure
V2 has lower EE and EC compared with passive house V1 built
in typical fashion (hollow brick blocks and Etics) and also
compared with VO designed for the basic acceptable energy
standard. Morcover, the thickness of the designed external walls
in V2 was reduced to 410 mm compared with 470 mm in V0 and
560 mm in V1. It is important to note that the functional unit did
not take into account thermal properties; thus, the significantly
improved U values for V2 are a bonus additional to the mostly
lowered environmental impacts. The only indicator that increased
in V2 compared with VO was acidification potential. The increase
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in embodied sulfur dioxide equivalent emissions was derived
from RC used for columns and from mineral wool used as
thermal insulation in V2.

6. Discussion

6.1 Overall results

The overall results of the three case studies are summarised in
Table 4. The achieved reductions in EE were 10% in CS2 and
CS3 and 59% in CS1. Reductions in EC were 93% in CS1, 16%
in CS2 and 32% in CS3. It is important to note that the boundary
conditions of the observed case studies varied as well as the data
sources for environmental data.

6.2 Variability in the effects of design

strategy implementation
The case studies show that the reductions in EE and EC resulting
from improvements achieved through design variants and the
optimisation of buildings and their elements can vary from minor



Standard solution

Standard passive house Hybrid solution in passive standard

(V0) (v1) (V2)
Weight of materials: t 66-8 519 59-9
Embodied primary energy input 146-0 1584 130-8
(non-renewable): GJ
Embodied carbon dioxide equivalent: t 109 99 75
Embodied sulfur dioxide equivalent: kg 355 37-8 429
U value of external wall: W/(m? K) 0-30 0-12 012
Thickness of external wall: mm 470 560 410
Source: Hajek et al. (2010)
Table 3. Comparison of three variants of the hybrid
concrete-timber ground floor of the assessed house
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Figure 15. Comparison of environmental impacts and technical
properties of three design variants of the ground floor (CS3):
standard masonry structure (reference level, V0), masonry

(10% of EE in CS2 and CS3) to very significant (93% reduction of
the carbon dioxide footprint of the CWS panel in CS1). The lessons
learned also include the realisation that improvements in some
indicators may be accompanied by a worsening in others (e.g. CS3-
V2 — reduced EE and EC but increased acidification potential).

6.3 Comparison of results with other studies

CS1 describes the prefabricated facade element developed for
retrofitting existing buildings with a skeleton load-bearing system.
In this case, the significant reduction of embodied impacts
(compared with the business-as-usual scenario) is related to the
fact that most of the materials used were renewable materials. In
another project, smartTes focused on the design of a universal
prefabricated modular facade retrofitting system, for which the
embodied environmental impact was calculated (Le Roux and Ott,
2014). These authors compared the Tes EnergyFacade system,
which is composed of natural materials as far as possible, with
standard Etics, and claimed a significant reduction in embodied
environmental impacts.

structure in passive house standard (V1) and hybrid
concrete-timber alternative (V2)

CS2 illustrated a reduction in embodied environmental impacts by the
lightening of structures and the utilisation of innovative materials
(UHPC), which allowed the key properties of the building structure
to be retained along with reduced dimensions of structural elements.
A similar design principle was studied by Héjek ef al. (2012), who
proposed the use of UHPC for wood—concrete composite floors. A
wood—concrete composite with a wooden beam and a concrete slab
can be used instead of a conventional wooden beamed floor where
better fire resistance, acoustic parameters or horizontal rigidity are
required. The use of a UHPC slab without standard reinforcement
reduces the thickness of the slab and leads to lower embodied GHG
emissions and EE (compared with those of a composite with
reinforced slab). In addition, case studies 1 and 2 reported in IEA
EBC Annex 57 (IEA, 2016¢) show that the replacement of a heavy
structure with a lighter alternative (a RC skeleton replaced by a
timber skeleton) also leads to a reduction in building foundation
clements. In CS2 of the present study, the impact of reduced
foundations was not studied, but such foundations would have been
likely to generate further reductions in embodied emissions.

13



Max. Max.
achieved achieved

Design savings  savings
Subject stage Applied design strategies inEE: % inEC: %
CS1 Curtain wall facade Building = Substitution for bio-based materials 59 97
elements using bio- elements = Use of innovative materials with lower environmental impacts
based materials = Reduction of construction stage impact
= Design for low impact of end-of-life stage
CS2 Lightweight structural ~ Structural = Lightweight constructions 10 16
system based on system = Utilisation of recycled materials
advanced silicate = Use of innovative materials with lower environmental impacts
materials and recycled
materials
CS3 Family house with Whole = Flexible and adaptable design 10 32
hybrid timber and building = Lightweight constructions
concrete structures = Substitution for bio-based materials

Table 4. Overview of presented case studies and achieved savings
in EE and EC

CS3 reveals that the meaningful utilisation of timber structures as
replacements for ceramic or concrete blocks can lead to a significant
reduction in EC and EE. Other case studies analysed under Annex
57 have arrived at similar conclusions. For example, Malmqvist et
al. (2011) compared the embodied impacts of a RC frame to a
timber structure in a study of a four-storey residential building.
Their results showed that the timber-based variant brought about a
20% reduction in embodied GHGs. Wallhagen et al. (2011)
analysed the embodied GHG emissions of an office building by
comparing various alternatives and claimed a reduction in embodied
impacts of 30%. In short, several case studies have now confirmed
that the basic principles of the design strategies used here do indeed
work. However, the methodologies and data sources of the existing
case studies vary, which means that some caution should be applied
when comparing results between studies.

6.4 EE and embodied GHGs against other
environmental indicators

As shown in the results of CS3 (Figure 15), a design leading to
reductions in EE and EC does not necessarily mean improvement
in the entire array of important environmental indicators. In the
case of CS3, the design that reduced EE and EC led to a 21%
increase in embodied AP compared with VO (which could be
offset by a significantly lower energy consumption during the
building’s operation) and also led to a 13% increase compared
with V1 (with a similar designed operational energy efficiency).

7. Conclusions

7.1 The introduction of design strategies

Various design methods for reducing the levels of EE and EC are
used by architects and engineers, cither intentionally or by intuition.
The work presented here has introduced the design strategies
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drafted in Annex 57 and applied them in three case studies of
design optimisation for building elements, for a building structural
system and for a part of a whole building. In all three cases, the
proposed designed strategies achieved improved environmental
performances in most of the chosen indicators. The work group of
ST4 in Annex 57 is working on identifying and describing these
strategies with respect to real examples so that they can become
taught and used intentionally and in a systemic way. The education
role will be supported by an extensive categorised set of case
studies from various countries, so that a user can casily find a case
study related to his or her project and become inspired, knowing
what the effect of a particular measure could likely be.

7.2 Application of the proposed design strategies

The case studies presented in this paper show that the procedure of
applying the proposed design strategies is correct and beneficial for
improving the environmental indicators of construction solutions.
CS1  clearly showed that a sophisticated substitution of
conventional materials can lead to substantial reductions in several
environmental impacts and to a completely new and multi-purpose
construction solution. CS2 presented the combined environmental
benefits of lightening a structural system by using innovative
materials and recycled, rather than raw, materials. CS3 illustrated
the potential reduction in EC and embodied non-renewable primary
energy in the construction of a typical floor of a family house using
the strategy of lightening the structures and substituting silicate
materials with bio-based materials.

7.3 Construction innovations and the need for a

holistic approach
From the construction point of view, some of the approaches
typically recommended to be avoided, such as the mixing of



various construction technologies in one building (the
timber—concrete hybrid in CS3), can lead to environmental
benefits. As shown in CS2 and CS3, it is not sufficient to assess a
material or building element on its own — the context of the whole
building is needed. Materials that have higher environmental
impacts per unit of mass can be utilised in a way that reduces the
environmental impacts of a whole building; for example in CS2,
the UHPC has higher EE and EC per cubic metre of concrete
(compared with commonly used types of concrete), but its use
allows more structural elements to have reduced dimensions,
resulting in overall fewer cubic metres of material used. It is
always necessary to take into account the material, element and
whole-building levels when undertaking optimisations.

7.4 The need to consider more
environmental indicators

The finding that a reduction in EE and EC is in some cases
accompanied by an increase in other environmental impact
indicators needs to be further investigated in more case studies
comprising a wider spectrum of indicators. Overall priorities and
targets in the protection of the environment must be taken into
account by policymakers, who, in many cases, tend to stress only
the need for reducing energy consumption and transitioning to a
low-carbon dioxide economy, neglecting some possible side
effects.
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vative solution for envelopes of nearly zero-energy buildings (nZEB). It presents the development of an
environmentally friendly alternative to aluminium curtain wall systems for new constructions or renova-
tions.

The research and development were from the early stages led by design strategies for low embod-
ied energy and embodied carbon structures. The first technical concept was analysed using comparative
life cycle assessment (LCA). Prototypes were tested to verify their technical performance (air- and water
tightness, fire resistance, acoustic properties, short- and long-term hygrothermal monitoring). The final
pre-production design was subjected to a detailed LCA, and various possibilities for its improvement were
suggested and assessed.

The early-stage LCA showed a high potential for reduction of the embodied environmental impact
by utilization of natural materials. The results of the experimental testing proved that thus developed
curtain wall system fulfilled the standard technical requirements. The detailed pre-production LCA study
proved that the fabrication of one panel of the curtain wall system being developed causes significantly

lower environmental impact compared with a panel of a common aluminium curtain wall system.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

The present paper contributes to the achievement of the over-
all climate- and energy-related targets of the European Union and
other world authorities by the introduction of an innovative so-
lution for nearly zero-energy buildings. It presents an approach
to designing an environmentally friendly alternative to aluminium
curtain wall systems for new construction or renovation of public
buildings, including its experimental verification.

1.1. Scope and background

According to Europe’s buildings under the microscope [1], 25%
of the European building stock is represented by non-residential

Abbreviations: AP, Acidification Potential; CW, Curtain Wall; EP, Eutrophication
Potential; EPD, i | Product Decl . EPDM, Ethylene Propylene Diene
Monomer; GHG, Green House Gas; GWP, Global Warming Potential; HVAC, Heating,
Ventilation and Air Conditioning; LCA, Life Cycle Assessment; nZEB, Nearly Zero-
Energy Building; PEl,., Non-renewable Primary Energy; PVC, Polyvinyl chloride.
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buildings and 48% of existing buildings were built between 1961
and 1990. Research and development presented in this paper are
focused mainly on non-residential buildings featuring light panel
curtain walls (CW) built in former Czechoslovakia between 1961
and 1990, which are now after 30-55 years of operation due for
retrofitting.

The estimation is that every tenth non-residential building built
in the time period has such a type of envelope, so the results are
generally applicable to, at least, 1.2% of building stock in Czechia
[2] with a very similar situation in Slovakia. The authors do not
have exact numbers on hand; however, it is a known fact that
buildings with similar facades can be found not only in many cities
of the former communist bloc (Fig. 1) but even outside Europe.
These buildings have a load bearing superstructure—typically made
of reinforced concrete or steel—and were usually used for such
types of buildings as schools, kindergartens, office buildings, med-
ical centres, fire and police stations, railway facilities, hotels, and
restaurants. Their typical issues related to light building envelopes
are (see Fig. 2): faded colours, obsolete look and loss of attractive-
ness, insufficient level of thermal insulation, malfunction of win-
dow hinges and locks, failures of fixing and seal elements, wa-
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Fig. 2. Details of aluminium and glass curtain wall on building from 1970s on various buildings in Pilsen, Czechia.

ter leakages, insufficient airtightness resulting in winter discomfort
and high operational cost.

These buildings also lack shading devices, which cause summer
overheating. Moreover, some of the elements may contain asbestos
boards hazardous to health. In addition to the issues assigned to
the envelopes, these buildings also suffer in building services with
the related low levels of user comfort: obsolete heating systems
with poor control, outdated electric installations and water piping,
malfunctioning or often non-existent heating, ventilation and air-
conditioning (HVAC) systems, and ad-hoc basis data infrastructures
[2].

Many of these buildings in Czechia have been successfully
retrofitted in the past 15 years, but a significant portion of the
building stock still waits to be retrofitted. When planning to
retrofit existing building with curtain walls, the following technical
scenarios are usually considered: a) complete replacement of the
existing curtain wall with a new one; b) partial replacement: prin-
cipal frame remains, new structural elements are added together
with the filling, cladding and windows; ¢) complete replacement
by a light masonry wall (usually made of aerated concrete) with an
external thermal insulation composite system and new windows.
The choice of technology is determined by the overall architectural
design, total size of the building, and available budget. (3]

One of the typical solutions possible for the obsolete curtain
walls on existing buildings is to replace the existing panels with

new ones. The new panels are usually made from a structural
metallic frame with glazed or metallic external surface finishing.
Compared to the original panels, the new ones usually have a sig-
nificantly improved U-values enabling a substantial reduction of
the operational energy demand of the whole building. An experi-
ence from one of such typical renovation processes (that took place
literally in the offices of the authors) led to a discussion on the
ratio between embodied and operational energy of near-zero en-
ergy buildings (n-ZEBs) and consequentially to the research ques-
tion whether it is possible to have a modern curtain wall with key
features similar to the typical metallic curtain walls but with a sig-
nificantly reduced need for energy used for their fabrication. Hence
a project on this topic was initiated, and once financing was in
place, research and development works started.

1.2. Objectives

The main objective of the research was to apply design strate-
gies for low embodied energy and embodied carbon to a design
of a new panel curtain wall (CW) system applicable in central Eu-
rope in such a way that the CW system would: i) be suitable for
the creation of envelopes of new buildings or as a replacement for
obsolete curtain walls of existing buildings; ii) enable the building,
to which the system is applied, to reach the nearly zero-energy
standards; iii) need less primary energy and cause lower amounts
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of carbon emissions during its production stage compared to stan-
dard metallic curtain walling systems, whilst matching or surpass-
ing these systems in physical and functional properties.

The main objectives of the present paper are to outline the
design approach performed in Czechia, present how the technical
challenges were tackled, how the technical properties of the final
prototypes were tested and show how the life cycle assessment ap-
plied during the project stages to meet the requirements of achiev-
ing relatively low embodied primary energy and carbon footprint
of the final design.

The target audience of the paper is practitioners in green
building—architects, designers, consultants, producers of building
products and construction companies—and researchers in lifecycle
assessment and energy and environmental impact of buildings.

2. Methods and assumptions

During the development, the team has been looking at the orig-
inal curtain walls and their properties and thought about possi-
ble improvements. The environmental impact of the original cur-
tain walls was determined by the three features: the operational
impact (resulting from energy demand for heating and cooling),
the embodied impact of the construction elements, and the overall
durability of the curtain wall.

In the first stage of the design process of a new CW, the follow-
ing design targets were set:

a) the environmental impact of the building operation (described
by primary non-renewable energy consumption and acidifica-
tion, global warming and eutrophication potentials) to be re-
duced by replacing the original curtain wall by a new one with
increased thermal resistance;

b) a significant reduction of the embodied emissions and primary
energy to be reached by application of a new design (compared
to contemporary metallic CWs available on the market);

c) the solution to be equally durable to the usual systems on the
market so that the projected lifetime of the CW will be similar
as for the standard solutions.

2.1. Reduction of the operational impacts

The operational energy consumption of a building is directly re-
lated to the thermal parameters of its building envelope. The oper-
ational thermal performance of a CW can generally be determined
by setting its thermal transmittance. At the time of the construc-
tion of the building types in question—with metallic CW—new le-
gal requirements for the thermal protection of buildings started to
be applied in the country (1962). Thus, the entirely insufficient val-
ues of thermal parameters of the structures from today's perspec-
tive were used: for the metallic CWs, the values of the heat trans-
fer coefficient of approximately 1.5W/m?.K and of 3.7W/m?K for
the window fills. Regarding the many sizes and shapes of buildings
suitable for the CW application, a set of parametric calculations
were carried out to determine the average energy performance of
these buildings and their potential for improvement [4,5].

For a parametric study, the Building Optimizer program was
used. It compares a set of 1000 fictitious objects with any com-
bination of input parameters between the two entered boundaries.
The input parameter limits (size, geometry, number of floors, and
percentage of glazing) were selected according to the typical ob-
jects on which metallic CWs were used at the time of their con-
struction.

The average specific heating demand of 810MJ/(m?.year) of
floor area was calculated for a given set of typical objects with the
original CW. Obviously, this original state allows achieving signifi-
cant savings. At the same time, the renovation of a fagade always

fundamentally affects the behaviour of the internal environment,
in both winter and summer periods. The aim of the development
of the new CW was to go beyond basic legal requirements and
to get closer to the values recommended for passive house stan-
dards [6]. Such approach can be assumed as a valid method for
major savings in operational energy demand and operational envi-
ronmental impact [7,8).

2.2. Reduction of embodied impacts

The building design strategies for reduction of the embod-
ied primary energy and embodied emissions of greenhouse gases
(hereafter referred to as PEI&GHG) were introduced by Annex 57
(“Evaluation of Embodied Energy and Carbon Dioxide Emissions
for Building Construction”) within the framework of Energy in
Buildings and Communities under the International Energy Agency
[9,10]. The design strategy has four main elements [11]: 1) reduc-
ing the overall consumption of materials throughout the entire life
cycle; 2) substituting conventional materials with alternatives that
have lower environmental impacts; 3) reducing the impact of the
construction stage; and 4) designing for a low-impact end-of-life
stage. Each of the four areas is further divided into more concrete
measures (see Table 1).

2.3. Design process

The design works started with research on the existing curtain
wall systems available on the market including a list of the key
requirements, description of typical materials applied and assem-
bly and installation procedures. These inputs were deeply analysed,
and these design strategies were identified as favourable both by
the authors and the literature [12-15].

The first two design strategies were applied by taking the de-
sign of a typical aluminium and glass panel as a reference design,
while we tried to replace as much materials as possible by simple
bio-based alternatives. In the cases where simple material did not
match technical requirements, we were looking for new materials,
preferably bio-based with low environmental impact.

With the focus on one building element design (building en-
velope), it was only possible to consider the material shell assess-
ment.

Attention was also paid to the impact of the use phase and dis-
assembly at the end-of-life phase. The materials were carefully se-
lected to provide sufficient reliability during the CW's lifetime so
that the impact of the use phase should not be higher than for the
usual CW. The use of prefabricated panels made of natural material
and bound together mainly by mechanical elements enables simple
disassembly at the end of the elements’ service life and relatively
easy separation of the used materials for further reuse or incinera-
tion. Glass from windows can be easily recycled as well as the steel
anchoring material. A problem could be anticipated with the seals;
therefore, the ethylene propylene diene monomer (EPDM) rubber
seals with an expected lifetime of 40 years minimum were chosen.

2.4. Compared variants

The research team worked with three major variants of CW in
different typologies that are presented in this paper. These were:

1) The reference, contemporary aluminium-based CW:
a) transparent with a window (A1)
b) opaque (A2)
2) Early new CW with environmentally beneficial design (after
one-step optimisation):
a) transparent panel with a window (B1)
b) opaque panel (B2)
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Table 1

Overview of design strategies for reduction of embodied energy and embodied carbon emissions (according to [11]).

Design strategy

Measures

Reduction of the overall consumption of materials
throughout the entire lifecycle

Substitution of conventional materials with alternatives
that have lower environmental impacts

Reduction of construction stage impact
Designing for a low-impact end-of-life stage

B Reuse of existing building structures

B Optimisation of building form and layout plan
B Flexible and adaptable design

B Lightweight constructions

B Low-maintenance design

B Components” service life optimisation

B Utilisation of recycled materials

B Substitution with bio-based and raw materials

B Use of innovative materials and technol with lower envi al
impacts

B Preference of local materials

B Design for disassembly

B Use of materials that are recyclable using present recycling technologies

3) Further optimized new CW after a two-step environmental op-
timization:
a) transparent with a window (C1)
b) opaque (C2)

The reference case (A-variant) was built-up upon the usual
aluminium-based CW available on the market. Specifically, the cal-
culation was based on the exact documentation of the CW used
during the refurbishment of the 14-storey building of the Czech
Technical University in Prague [16].

Moreover, a general, original building envelope was assumed for
a calculation of the original building’s energy consumption. Beside
the compared design, there were additional measures applied to
the newly-designed B-variant to improve the acoustic or fire prop-
erties. All the variants are closely described further below.

3. Technical concept development and evaluation

The application of the design strategies together with the re-
quirement for the building operation impact decreases in the spe-
cific case of the curtain wall design created the need to reconsider
the particular materials used for each element of the curtain wall.
Research has been already done towards a sustainable develop-
ment of curtain walls: Azarai and Kim [17] studied in particular the
change of the materials of CW's mullions and emphasized the need
for a life-cycle approach to its design and in another study Densley
Tingley et al. [18] examined various thermal insulating materials
in the building envelope from the LCA perspective. Citherlet et al.
[19] assessed the impact of advanced glazing units. These research
works showed the particular steps needed to reach the innovative,
environmentally friendly design.

Despite the clear principles, the technical qualities of sub-
stituent materials avoided the straight-forward solutions. For in-
stance, it was not possible to use standard timber beams for the
load-bearing frame due to the requirements for dimensional stabil-
ity of the elements and strict machining tolerances—so it was de-
cided to opt for laminated veneer lumber. In another case, a hard
(bearing) piece of thermal insulation was needed, and a wood fi-
bre thermal insulation or a wood fibreboard would be too unstable
for such purpose—so a cork bar was used instead. In cases where
a reduction of the need for maintenance or future surface treat-
ment (such as regular painting) was required, thermally treated
wood elements were used (Thermowood in this case). The de-
scribed efforts resulted in the design of the main structural frame
of laminated veneer lumber (instead of aluminium); wooden win-
dow frames with external cladding from thermally treated wood
(instead of aluminium); and a thermal insulation layer made of
wood fibre and cork (instead of glass wool and polystyrene).

3.1. Technical challenges: fire and acoustic qualities

The replacement of well-known and tested materials in the CW
construction brought various reservations against the new design.
The key technical qualities had, therefore, to be tested before the
CW could enter the market.

One of the major concerns the investors can have when con-
sidering the more environment-friendly alternative represented by
the wood-based CW application would probably be the fire risk
due to its combustibility. To allow its wider use, the risk had to be
assessed in two ways: firstly, to limit the possible fire spread on
the facade to another fire compartment and, secondly, to prevent
the possible fire spread to another building.

The first problem relates mainly to the use of combustible
materials on a fagade (combustible cladding); however, in sev-
eral cases it is also necessary to consider the materials inside the
facade structure. This problem is encountered mainly in higher
buildings or buildings with specific functions, such as warehouses,
assembly halls or hospitals. The fire intervention there is more
complicated and takes more time, and spreading of the fire in
these places must be eliminated under all circumstances. In some
cases, sufficient solution is represented by a fire barrier (an incom-
bustible stripe of facade) installed on the fire compartment bound-
ary. In Czechia, combustible CW can be used for a large percent-
age of non-residential buildings' facades up to 4 or 5 storeys. In
other cases (e.g. hospitals and theatres), the use of the combustible
facade is forbidden.

The problem of possible fire spread to adjacent buildings seems
to be more critical because it affects all buildings with a timber
facade. In the case of fire, protection of the area surrounding the
subjective building should be provided and, therefore, sufficient
separation of distances, where there is an imminent risk of the
spread of fire, must be determined. In this area, any other fire com-
partment or any other neighbouring building cannot be located.
Among many possibilities of fire spread, such as flying brands,
burning debris direct flame contact or convective heat transfer of
hot gases, the radiative heat transfer is considered to be the main
risk. Considering this criterion, calculation of a sufficient separa-
tion distance according to Carlsson [20] is bounded with a line of
critical radiative heat flux varying from 12.5 for piloted ignition to
30.0kW/m? for self-ignition and the value of separation distance
depends mainly on the sum of unprotected areas on the fire com-
partment fagade.

An unprotected area is any part of the CW that can contribute
to radiation during a fire: parts without fire resistance (e.g. door,
window or any other structure without proven fire resistance) or
parts that emit radiant energy, such as structures with a com-
bustible cladding, must also be taken into account [21]. Obviously,
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the bigger the unprotected area is, the larger the separation dis-
tances are. A wood-based CW without fire resistance covering a
large fire compartment results in large separation distances, and
it could either limit the building location on the plot (when new
building with combustible curtain wall is designed) or even make
retrofitting of existing buildings’ CW impossible because it would
affect the existing neighbouring buildings.

Building envelope plays an important role in providing a suf-
ficient level of acoustic comfort to the users of the building. The
dominant outdoor source of noise in urban areas is the road traffic.
A CW shall reduce the noise transmission from outside to inside
for achieving acceptable noise levels in rooms, given by regulations
and standards. Reduction of the overall consumption of materials
in environmentally friendly structures and the preference of nat-
ural materials leads to the lightening of the curtain wall system.
Such elements have complex acoustic behaviour with great dif-
ferences in sound insulation between low and high-frequency re-
gions. This is caused by the multi-layer character of these CWs and,
especially, the corresponding acoustic effect called mass-air-mass
resonance. It is coming from a presence of the air cavity (filled
with fibre thermal insulation) between the two plates. Regarding
the reduction of sound transmission, poor sound insulation at low
frequencies is unfavourable because the road traffic noise has sig-
nificant low-frequency components. Therefore, so-called spectrum
adaptation terms C and C; were introduced into the rating system
given by ISO 717-1 [22] in the past. The Cir parameter relates to
the traffic noise, and when added to the apparent weighted sound
reduction index of the facade, that is R'y, + Gy, it represents the
difference in A-weighted sound pressure levels, which better de-
scribes the actual airborne sound insulation. For this reason, the
development of the new curtain wall system took the G spectrum
adaptation term into account, although in Czechia, like in some
other European countries, regulations and standards simply require
the use of the apparent weighted sound reduction index R',.

3.2. Environmental impact

The design strategy led us to an application of the different
materials with more favourable environmental impacts compared
to standard solutions; however, the above-mentioned technical re-
quirements set certain limitations for the design. Therefore, the en-
vironmental effectiveness was evaluated twice. At first, it was the
preliminary design assessment in the early design stages, and later
it was the tested solution assessed more in detail. In both phases
the life cycle assessment’s (LCA) border conditions were set simi-
larly in accordance with CSN EN ISO 14040 [23).

The functional unit of one standard curtain wall’s module was
selected: 3.3 m high, 1.5m wide with the window 1.8 m high and
14m wide in the case of modules with a window (variants A1,
B1, and C1). The total area of all modules was 4.95 m?2, similar
for all modules. The general U-value of opaque parts was set at
0,16 W/(m2.K) and the estimated lifetime was set at 40 years. The
values are further stated for the functional unit, e.g. one module of
CwW.

Environmental impact was assessed using the set of selected
mid-point indicators complying with CSN EN 15804 [24] used for
the environmental product declarations:

¢ GWPyqq, [kg CO;equiv.] - Global Warming Potential
* AP (kg SO cquiv.] - Acidification Potential

* EP [kg NOy_equi. | - Eutrophication Potential

* PElnre [M]] - Non-renewable Primary Energy

For the operational impact values, the indicators will be stated
in “/m?.year” values related to the floor area of the model build-
ing. Materials advantageous in one indicator may be at the same

time disadvantageous when evaluated according to another indi-
cator. The selected set of indicators allowed describing the multi-
criterion problem of the assessment of the curtain wall's impact on
the environment.

The calculation was made within the cradle-to-gate system bor-
ders. The system contained the production of the raw materials,
their processing, and transport to the gate of the factory.

At the preliminary stage of development, the lifecycle inventory
was done using the early technical documentation once it was pro-
vided. Only the major elements of CW were included in the rough
calculation (main bearing elements, thermal insulation, steel an-
chors and window frames and glazing and sealing). The selection
was made from the constructional and technological perspective
and mass of the elements. A more detailed assessment was not
appropriate because the development was at an early stage when
a lot of details still had to be settled. In order to verify the reason-
ability of the design approach, the environmental impacts of the
early design were compared to their most frequent competitors:
metallic curtain walls and silicate-based masonry walls with exter-
nal thermal insulation.

Later, when the development came to the prototyping phase,
the inventory was re-elaborated using the final production docu-
mentation of the CW. It became possible to incorporate more ele-
ments in detail and provide a more exact overview and comparison
between the usual and developed curtain wall alternatives.

In both cases, the mass of materials used for the functional unit
was collected and calculated in a spreadsheet. The lifecycle impact
assessment data used in both phases differed: the Environmental
Product Declaration data were selected for the early design assess-
ment, whereas the Ecoinvent 3.3 [2526] database was used for
the detailed assessment within the “Allocation, cut-off by classi-
fication™ system model. The Europe-localized data were used. The
Ecoinvent data contains the burden from the primary production
of materials whereas the recycled and secondary materials come
burden-free (all the impacts are dedicated to the primary produc-
tion). The only impact which these materials carry comes from the
recycling and treatment processes.

For some materials, the exact datasets were not available, and
thus calculations were made with the help of literature and man-
ual modelling using Ecoinvents’ processing data and other ma-
terials. This method was applied for thermally modified wood
(modelling sawn wood production, wood preservatives production,
polyvinylchloride production, nylon production, and raised energy
consumption according to the producer [27] as the inputs), ex-
truded aluminium elements (aluminium production and extrusion
as the inputs) and wooden I-beams (sawn wood production and
oriented strain board production as the inputs).

The sensitivity analysis was done to identify the possible mod-
elling uncertainty impact on the overall calculation. The influence
of changes in mass, GWP;qq,, AP, EP, PEl,. was tested for the mod-
elled items. The influence on the overall results was minor —the
GWP and PEly, unit parameters would have to be 4.7 times higher
to equal the overall results of newly designed CW (B) to the orig-
inal aluminium one. Thus, the modelling uncertainties were con-
sidered insignificant.

Even though the end-of-life stage was not included in the as-
sessment, the durability tests were performed to prove the feasibil-
ity of the design. The substituent new CW should provide similar
or higher quality to prove its competitiveness.

4. Results and discussion
4.1. Final design

All the prerequisites and legal and technical requirements were
respected in the development of the final CW design. The general
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Fig. 3. Assembly of main elements of curtain wall. The laminated veneer lumber frame in the left is fitted with steel anchors and covered with oriented strain board in the
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middle. The thermal insulation and frame are
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which is covered with a DHF board. The joints and other details are processed

Fig. 4. Installation of curtain wall prototypes.

aim was the use of low impact natural materials. The main pri-
mary bearing structure was, therefore, made of laminated veneer
lumber beams, which were processed using computer numerically
controlled (CNC) machines. This solution offered sufficient dimen-
sional stability of the frame in its details.(Fig. 3)

The bracing stability of the module was provided by oriented
strain boards (OSB) from the interior and wood fibre board (DHF)
from the exterior side (see Fig. 4). The OSBs are considered air-
and vapour tight, so that the surface and joints specifically must
be properly sealed. Contrary to that, the exterior DHF boards have
very low water vapour resistance factor (u=<11) to ensure the
vapour gradient in the required direction.

The space inside the frame was filled with wood fibre insula-
tion with A =0.038W/(m:K) in thickness of 240 mm. The critical
details with reduced thermal insulation thickness (window blind
area, window siding, etc.) are provided with cork insulation.

Vapour condensation and water penetration can be expected in
the joints of the panels, so both vertical and horizontal joints are
protected with aluminium laths. These also provide an exact place-
ment for the synthetic EPDM rubber sealing profiles. The tight-
ness of the module is, therefore, ensured by the application of the
EPDM-bonded sealing and foils.

The exterior side can be finished with various surfaces - the
ventilated fagade is standard, but the material and surface treat-
ment vary; standard options include wooden cladding, glass, ce-
ment fibre boards or framed or frameless photovoltaic panels. A
compound facade can be used as well. The durability of the win-

dow siding was extended by use of thermally modified wood
(Thermowood), which has increased resistance to moisture and
mould growth compared to standard European wood types.

The overall thickness of panels about 250 mm is supplemented
with a variable plasterboard wall, which accommodates all the
ducts and wires of heating, ventilation or air-conditioning systems.

Several of curtain the wall's modules in various configurations
were prototyped and tested (Fig. 4). During the tests, the changes
in the design were suggested [28,29] so that the final design could
be assumed to be competitive and dependable.

The following paragraphs illustrate the tasks that had to be
solved in conjunction with the low embodied GHG and energy de-
sign of CW.

4.2. Thermal performance

With the focus on the desired decrease of operational energy
and GHG emission, a lot of effort was put in the thermal qual-
ities of the CW (thermal transmittance, mean thermal transmit-
tance, thermal bridges, and energy performance of building and
transport of water vapour through the structures). Several suit-
able opaque structures of the panel were proposed and evalu-
ated. Thermal transmittance of the opaque part is in the range of
0.157 W/(m?.K)-0.079 W/(m?2 K).

Lightweight curtain walls (CW) in general contain a large num-
ber of structural details which constitute thermal bridges. In a
conventional CW (variant A below), heat energy flowing through



M. Volf et al./Energy & Buildings 165 (2018) 35-46 41

A 0.0217

0.015

0.005

0
Yo

Fig. 5. Representation of calculated air flow speed (m/s) in the air cavity in hori-
zontal joint.

Fig. 6. Horizontal joint under the window in climatic chamber with a 36 °C tem-
perature difference: left is filled with insulation and right is without insulation.

these details constitutes a significant part of the total heat loss
because they are composed largely of aluminium. The designed
wood-based CW (variants B and C) took a system of EPDM seals
between the panels and an aluminium profile for mounting of the
seals over from the aluminium CW. When they were used, the
thermal bridges represented 38% of the total heat flow at a full
panel of normal size (3.3 x 1.5m). Using the aluminium profile also
caused a risk of condensation on its inner surface. The large tem-
perature differences in the air cavity supported air flow, as shown
by calculations (Fig. 5) and measurements (Fig. 6). The aim of the
following calculations was to verify the effect of replacing the alu-
minium profile with another less energy intensive and less ther-
mally conductive material—plastic.

Average thermal transmittance (counting linear and point ther-
mal bridges) of this solution achieves values of 0.51 W/(m? K) for
the panel with 57% of glazing and of 0.25W/(m?.K) for the full
panel. The glazed panel thus also meets the recommended value of
heat transfer coefficient for passive houses for CWs 0.63 W/(m2.K)
CSN 730540-2 [30]. It is possible to quantify the additional heat
flux through all the thermal weakenings of a characteristic part of
the CW using aluminium strips by the value of 0.10 W/(m?.K).

Variants of joint details between panels considering plastic pro-
files for storing of EPDM seals were assessed next. Variants with
interposition of thermal insulation into the air cavity for reduc-

ing the air convection followed. Temperature distribution in de-
tails is more uniform when using the plastic profile than with the
aluminium one. Temperatures on the interior side of the profile
increase up to 9°C which can greatly reduce possible condensa-
tion in this location. These adjustments may reduce the heat flux
through the detail up to 56%. It is possible to decrease additional
heat flux through all the details of a characteristic part of the CW,
and it is possible to decrease it with the plastic profiles to a value
of 0.06 W/(m2.K). This change is also favourable from the point of
the embodied environmental parameters of the CW.

After replacing the original CW for the designed wooden
CW value, an average heating demand of 147.6 MJ/(m?.year) was
achieved, compared to the original 810M]/(m?.year) for a typical
building with the original metallic CW (82% reduction). The differ-
ences in the operational environmental impact between the orig-
inal heating system (brown coal boiler) and typical contemporary
Czech heating system (gas boiler) for both, original and new CW
are presented in Fig. 7. The country-specific conversion and emis-
sion factors were used according to Vonka et al. [31] with the com-
bined efficiency of the boiler and heating systems (57% and 93%).

4.3. Fire safety

In the field of fire safety, the least favourable behaviour of a
CW needs to be assumed unless other behaviour (for example suf-
ficient fire resistance) is proven. During the development, the im-
provement of the design had to be made to broaden the use vari-
ety of the new CW. A fire-resistant and fire non-spreading alterna-
tive was designed and examined. The main objective was to use as
many identical elements as possible and to enable a combination
with the regular panels. Hence the only crucial difference is the
incombustible (gypsum-fibre, cement-fibre or vermiculite) board
covering around the same combustible core as for standard pan-
els. In the exterior, only an incombustible facade board or external
thermal insulation composite system could be mounted.

The fire-resistant panel was tested in a furnace both from the
exterior and interior, and according to European standards [32], it
reached fire resistance El,_,; 90 from outside and El;_,, 60 from in-
side, respectively. It was also proven that there was no fire spread
on the facade.

4.4. Acoustic qualities

Most curtain wall systems consist of large panels that are fas-
tened to the load-bearing structure of a building. The airborne
sound reduction index of each panel mainly depends on its dimen-
sions, the thickness of the air cavity (and its filling ratio), the sur-
face mass of boards, the distance and the type of sound bridges
(typically the wooden supporting frame around the panel edges),
and many others. From the point of acoustics, the new CW panel
has the following composition: OSB board (9kg.m™2) on the in-
terior side, air cavity (240 mm) filled with wood fibre insulation,
and vapour-permeable dense wood fibreboard (approx. 9kg.m~2)
on the exterior side.

The sound insulation of the resulting facade system is also ben-
eficially influenced by the properties of expansion joints between
the panels. In a standard variant, they are sealed with two-stage
rubber gaskets inserted between the panels during installation. The
designed curtain wall was tested for airborne sound insulation ac-
cording to CSN EN ISO 10140-2 [33] and CSN EN ISO 10140-4
[34] in the acoustic laboratory of the University Centre for Energy
Efficient Buildings, Czech Technical University in Prague (Fig. 8).

The measured weighted sound reduction index of a standard
wall is 41 (-2; -6) dB. Compared to the current Czech require-
ments, this value is high enough for the facade to be used in al-
most all areas where the limits of traffic noise levels are not ex-
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Fig. 8. Installation of the curtain wall system into the test opening in the laboratory (left), test specimen with applied cardboard/sand boards (right).

eded. However, there are two frequency regions with relatively
w sound insulation (around 100Hz and 2500 Hz). Also, the spec-
1m adaptation term is a large negative number, which gives the
lue of Ry, + Gy equal to only 35dB. To improve the sound insu-
sion, one layer of insulation board consisting of cardboard and
nd was added to the interior side of the panels. Repeated acous-
: tests showed an increase in the weighted sound reduction in-
X Rw of 9dB (from 41dB to 50dB) and, what is more, of 11dB
Rw + Cir. The last result is the same as for standard panels with
dependent plasterboard wall lining, which were also tested for
und insulation.

4.5. Life cycle assessment

The results of preliminary assessment showed significant po-
tential to complete the development successfully. The preliminary
calculation showed the design was well on its way to reaching the
goals: the first results showed the possible reduction to one-third
of the embodied non-renewable primary energy in comparison be-
tween the new design (B, C) and the original metallic one (A). The
masonry with external thermal insulation showed similar results
in embodied energy. Those results were published and presented
separately 2,3].
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Fig. 9. Mass distribution between materials in curtain walls' alternatives - a panel with a window A1-C1, opaque panel A2-C2, all with a similar area of 4.95 m?.

Table 2

Overall results of the assessment.
Indicator | Variant Al A2 B1 B2 C1 Q
GWPyoo, [kg €Oz | 9422 10335 4844 2906 3935 2149
AP [kgS0z. ] 573 6.04 3.08 168 253 125

EP [kg (PO~ o] 246 240 186 112 168 102
PEluce [M]] 13876 15519 6514 3764 5459 2923

As soon as the technical quality tests were made and the tech-
nically optimized solution was set, the bill of materials could be
provided. The bill of materials for the aluminium curtain wall (CW)
was calculated based on the real construction documentation of
the contemporary aluminium curtain wall delivered for the refur-
bishment of Czech Technical University's building [16].

The mass distribution of materials is presented in Fig. 9. The
aluminium CW had the lowest total mass per functional unit:
192kg (A1) and 153.8kg (A2) whereas the new CW (early de-
sign) had 3049 kg (B1) and 253.5kg (B2) per unit. In A1 and B1
cases, the main contributor was the window frame and the triple
glazing (41% and 28% of the total mass of the unit). This seemed
rather unfavourable for the new design—it might bring additional
impact caused by the transportation and montage phase (elevat-
ing the units, etc.). The main reason was, in particular, the lower
strength of the wood-based materials than the metallic ones, lead-
ing to greater profiles and hence increased weight. However, this
influence was not included in the system model and was not quan-
tified.

Kot et al. [35], based on Kulhdnek et al. [36], assume that the
transportation and constructional phase together causes about 5%
of overall buildings' impact on the environment. In the case of a
regular building, the impact from the building operation is about
70%. Extrapolating from this data, construction and transportation
phase of zero energy buildings with eliminated operational impact
can cause about 17% of all environmental impacts whereas the ma-
terial production phase ratio grows up to 67%.

The results of the assessment are shown in Fig. 10 and in
Table 2. There was a difference apparent in all included indicators
even in the first step of optimization. The B1 and B2 CWs' reduc-
tion in environmental indicators compared to the aluminium CW
varied from 25% in EP (B1-A1) to 75% in embodied non-renewable
energy (B2-A2). To arrive at an absolute reduction amount, the

application of CW on a specific building would have to be calcu-
lated. Considering the production requirements (energy, raw mate-
rials, aluminium production plant, etc.) of the aluminium CW com-
pared to the production of the materials and the elements used in
the optimized variant (wood-based materials), it is likely that the
transportation distance would be rather smaller for the new de-
sign thanks to the use of locally produced materials. As part of the
further development, it was possible to take another step and to
apply the design strategies once again to a technically proven and
certified design. In some cases, a requirement for further devel-
opment of elements has been encountered in order to reduce the
environmental impact with the demand of other professions (for
example, in the case of replacing aluminium laths with another
material due to thermal bridges in the construction). This could
not be done at the first prototype stage for a variety of reasons,
such as cost and demand production, but it would be possible to
achieve once in mass production.

All the results of the lifecycle assessment were, therefore, com-
plemented by a third variant of the CW—a two-step optimized
solution (C1 and C2), which shows the possibility of going even
further in development. It used the blown cellulosic fibres as the
main insulating layer instead of the wood fibre insulation and re-
placed said aluminium laths with PVC ones. Even though it is recy-
cled material, the cellulose fibre insulation carries the environmen-
tal burden of its original product so that its impact on the calcula-
tion was found higher than that of the original wood wool. Unfor-
tunately, its environmental benefits as a recycled material were not
reflected in the assessed criteria. In spite of that, the changes al-
lowed reaching a further reduction in all environmental indicators
compared to both the original and new CW design. The embodied
non-renewable energy was reduced in the C1 variant with a win-
dow to 39% of values of original aluminium CW (A1) and for the
opaque panel in C2 variant even to 19% of the value of the A2 vari-
ant. The global warming potential (GWP 100a) indicator showed a
major reduction in both new alternatives: 51% (B1), and 42% (C1)
of original CW values (A1) and 29% (B2) and 21% (C2) of the value
of the module in A2 variant.

Up to 10% of embodied energy and 12% of GWP 100a was con-
sumed by the production of the steel anchoring elements. In fu-
ture development, the use of optimized steel elements or a smaller
amount of material can bring an additional reduction of environ-
mental impact.
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Fig. 10. Environmental parameters of the variants - a panel with a window A1-C1, opaque panel A2-C2, all with similar areas of 4.95 m?.

For the variants with a window (A1, B1, and C1), the calculation
was done for the CW module with triple glazing, which was in-
cluded in all material alternatives similarly. It was obvious, though,
that the difference can be larger in the case of opaque modules,
where the major contribution of glazing does not appear.

4.6. Limitations of the study

The authors of the lifecycle study are aware of limitations re-
lated to the accuracy of the input data on environmental impacts,

limitations arising from the level of detail of description of all life-
cycle phases, and limitations related to the need for maintenance
during the use phase.

In the input data on the environmental impacts, the study has
to rely on publicly available data from EPDs and from Ecoinvent
database. The differences in the methodologies in data collection
and calculation are known and were analysed before, for instance,
in [37].

The description of some lifecycle phases was only based on es-
timates as, at the time of writing the article, precise data were not
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available. For instance, we likened the assembly stage of modules
in the factory to that of a traditional curtain wall panel solution,
as we do not yet have the experience with serial production of the
designed product. Also, we estimated the impacts of transporta-
tion to be lower than those of traditional panel CWS, as our sys-
tem uses more local materials and thus reduces the transportation
paths.

The lifetime of materials and elements is a crucial parameter in-
fluencing the overall environmental impact of any product. Knowl-
edge about the need for maintenance during the use phase is lim-
ited as we do not have 40 years of experience from a real appli-
cation. Nevertheless, we tested the designed product quite inten-
sively. The durability of the specific materials used was tested in
detail. The durability tests were performed at real climatic condi-
tions so that the sufficient lifetime of the design can be ensured.
The designed system has been monitored in the experimental fa-
cility for two years, closely for a third of the year. A seamless
behaviour of the designed compositions under normal conditions
had been confirmed (in the variant with aluminium laths). Mois-
ture content by weight of the wooden elements was measured and
it ranged from 11 to 15% during the year. The measurements re-
vealed a weak point of the construction which was the installation
of external windowsills. The water under a windowsill occurred
twice during torrential rains. This subsequent moisture was spon-
taneously dried after 3 months to standard values. Based on these
findings, the constructional solutions of the detail were modified.
Also, the water- and airtightness tests were performed to ensure
the desired quality of the inter-modular connections.

The designed solution was proven as durable and reliable for
the application with a presumed identical lifetime compared to
original CWs.

5. Conclusions

The process undergone to develop an environmentally effi-
cient curtain wall for both refurbishments and new buildings was
shown. The presented newly designed CW was carefully tested and
the reduction of non-renewable embodied energy and GHG emis-
sions were assessed.

The LCA in the early stage proved a high potential for the re-
duction of environmental burden by utilization of natural materi-
als. The results of the experimental testing proved that the devel-
oped curtain wall system fulfilled the standard technical require-
ments and did not suffer when subjected to simulated or standard
climatic conditions. By its properties, it can be used as a depend-
able substitute for the usual metallic curtain walls. The detailed
LCA study showed that the fabrication of one panel with a win-
dow (B1) causes 49% less carbon emission and consumes 53% less
primary energy compared to the aluminium-based alternative (A1).
The design of the variant C1 enables further reduction of embod-
ied carbon emissions by 10% and embodied primary energy by 8%.
Significant reduction possibilities were also identified in acidifica-
tion potential (46% reduction in new general design and 56% of
reduction in enhanced design) and eutrophication potential (24%
reduction in new general design and 32% of reduction in enhanced
design).

For the opaque module, the savings were found to be even
higher: 75% reduction for B2 module, 81% reduction for C2 in em-
bodied non-renewable energy and 71% (B2) and 79% (C2) reduction
in GWP 100a indicator compared to the A2 variant.

In addition to environmental comparison, further alternatives
were described and compared: the fire-resistant alternative and
the CW with improved acoustic parameters. With a fully fire-
resistant alternative panel, the designed system is from the fire
perspective variable and most fire-safety problems can be solved.
However, it was later discovered that other alternative panels of

CW, namely glazed fire-resistant panels or fire-barrier panel should
be developed to satisfy the architectural design. The CW alternative
with improved acoustic can cover the applications where the new
design cannot be utilized.

It was shown that the assumptions and principles of building
design strategies for the reduction of embodied primary energy
and embodied emissions of greenhouse gases were valid and ap-
plicable for the CW design and consequent technical challenges
had engineering solutions. It was also illustrated how various ap-
proaches to a lifecycle assessment of the same building element
lead to various outcomes.
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Abstract: One of the major anthropogenic sources of greenhouse gases is the operation of building
stock. Improving its energy efficiency has the potential to significantly contribute to achieving
climate change mitigation targets. The purpose of this study was to roughly estimate such potential
for the operation of the national building stock of Czechia to steer the national debate on the
development of related national plans. The estimation is based on a simplified energy model of the
Czech building stock that consists of sub-models of residential and nonresidential building stocks,
for which their future energy consumptions, shares of energy carriers and sources, and emission
factors were modeled in four scenarios. Uncertainties from the approximation of the emission
factors were investigated in a sensitivity analysis. The results showed that the operation of the
Czech building stock in 2016 totaled 36.9 Mt CO,, which represented 34.6% of the total national
carbon dioxide emissions. The four building stock scenarios could produce reductions in the carbon
dioxide emissions of between 28% and 93% by 2050, when also considering on-side production from
photovoltaics. The implementation of the most ambitious scenario would represent a drop in national
CO; yearly emissions by 43.2% by 2050 (compared to 2016).

Keywords: national building stock; climate change mitigation; carbon dioxide; scenarios modelling;
Paris Agreement; EU Green Deal; energy efficiency

1. Introduction
1.1. Buildings and Climate Change

In the context of climate change mitigation, the world’s nations are drafting and dis-
cussing their plans to achieve their national greenhouse gas reduction commitments [1-4]. The
mitigation of climate change is featured in the strategic plans of the European Commission [5]
and its member states. Czechia supports the EU target of complete carbon neutrality by 2050
and has committed to a reduction in national CO, emissions of 80-95% by 2050 compared
with the base year 1990 [6]; however, a detailed national plan that describes practical measures
in each segment of the national economy is not yet ready.

One of the major anthropogenic sources of greenhouse gases is the operation of
buildings [7], so improving the energy efficiency of the building stock has the potential
to significantly contribute to achieving the national climate change mitigation targets [8].
The efforts to exploit this potential span across scales, from the global perspective through
the national building stock, building stocks of regions and cities, to the scale of a single
building [9].

1.2. Background

At the scale of a single building, a growing body of literature is focused on the theory
of reducing buildings” greenhouse gas (GHG) emissions. Some studies attempted to
align the design of buildings with the intermediate goals of the Paris Agreement [10,11],
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and many papers report advances in zero-GHG buildings, including climate-neutral [12],
carbon-neutral [13], and zero-emission [14-16] buildings. The various definitions and
approaches were discussed at the 71st LCA Forum in 2019 [17] and recently summarized by
Satola et al. [18], who analyzed the definitions and their respective emission performance
targets. In the Nordic countries, GHG limits are already being introduced into building
standards [19].

At the city level, efforts are concentrated on municipality-owned building stocks and
policies for privately owned buildings in cities. There is an ongoing debate on how to set
the balance of responsibilities among the actors [20]. Many climate-related activities are
ongoing at the municipal level; in Europe, the most visible seems to be the Covenant of
Mayors for Climate and Energy [21].

At the national building stock level, researchers have investigated the general potential
for GHG reductions and explored various paths to align the GHG emission performance
with the climatic goals of the Paris Agreement. Xing et al. [22] investigated the potential
contribution of the Chinese residential sector to the nation’s climatic contributions under
various levels of carbon tax. The study took 2010 as the base year and modeled CO,
emissions for 2020 and for 2030 in three scenarios of development. They found a potential
to achieve CO, emission intensity reductions of 60-65% in the range of hypothetical
situations corresponding to carbon emissions pricing between USD 44 and 58/t CO,.

Yu et al. [23] modeled the building stock in India accounting for the evolution of the
buildings sector, including changes in GDP, population, urbanization, floorspace expansion,
growth in energy service demand, and choice among technologies and fuels for individual
energy services. They found that implementing a wide range of energy efficiency policies
can reduce the total Indian energy use by 22% and lower total Indian carbon dioxide
emissions by 9% by 2050. Jeong [24] investigated four scenarios of development of the
South Korean residential building sector between 2007 and 2030. They found that despite
the expected strong demand for new residential developments, in one of the modeled
scenarios, there was a potential for 12.9% CO, emissions reduction (compared with a
10.7% increase in the business-as-usual scenario). In Germany in 2013, Biirger [25] ana-
lyzed the GHG emissions of the national residential building stock in the context of the
use of the development of building standards, heat supply technologies, and renewable
energy potential. They analyzed three long-term scenarios of the German building stock
development to 2050 and compared them with the emission budget then available for
Germany. Based on the results, the authors urged for a swift implementation of additional
strong climate protection measures. The work was further developed and described in
Klimaneutraler Gebdudebestand 2050 [26,27], which simulated GHG emission reduction
scenarios of —35%, —50%, and —65% by 2050.

Frischknecht et al. [28] conducted a complex analysis of the carbon footprint of the
Swiss real estate sector. The findings showed that the use stage of buildings represents only
two-thirds of the total GHG emissions in the sector, whereas an additional 30% is caused
by the buildings’ supply chains, stating that the relative significance of the embodied GHG
is rising (which was also by an investigation of building case studies by Rack et al. [29]).

Kranzl et al. [30] analyzed GHG emission reduction scenarios from the policy-driven
bottom-up model recently in place for European countries in eight EU and national projects
(including data for Czechia), compared them amongst each other using various indicators,
and analyzed whether the scenarios would lead to an achievement of GHG emission
reductions in the range of 85-95% by 2050. The results showed that scenarios labelled
as ambitious for several EU member states achieve GHG reductions of 56-96% by 2050.
However, just 27% of these ambitious scenarios achieve reductions above 85%.

In Czechia, we [31] previously investigated five scenarios of the development of
the Czech national building stock by modeling cumulative CO; emissions in the periods
2015-2030, 2031-2050, and 2051-2075, and compared them with the UN Emissions Gap
Report [32]. It was based on previously developed models of energy consumption of the
Czech residential and nonresidential building stocks, which also considered the future
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changes in climatic conditions due to climate change in two scenarios. Its most progressive
scenario forecasted a reduction in the CO, emissions of 66% by 2075. None of the modeled
scenarios was found to comply with the Paris Agreement.

Another publication that recently discussed the GHGs of the Czech buildings is the
report Pathways to Decarbonize the Czech Republic [33]. It presents the cost-optimum
decarbonization path for the state, including buildings, with a reduction in CHC emissions

of 31% by 2030 and 97% by 2050.

1.3. Study Objectives

The study presented in this paper is a contribution to the ongoing national debate
specifically focused on the national policies planned for regulating the energy efficiency
of the Czech building stock (CBS). It was performed in collaboration with the Czech
nongovernmental organization Chance for Buildings (CfB) and the University Centre for
Energy Efficient Buildings of the Czech Technical University in Prague (UCEEB). CfB is an
alliance of leading trade associations that supports energy-efficient and environmentally
sustainable construction and renovation of buildings. It gathers the Czech Green Building
Council, Passive House Centre, Mineral Insulation Manufacturers Association, EPS Asso-
ciation, and the Energy Service Providers Association. It represents over 300 companies
across the entire value chain of building construction and renovation [34]. UCEEB is a mul-
tidisciplinary applied research center focused on promoting sustainable technical solutions
in the built environment [35].

The objective of this work was to follow-up on our previous work and to quantify the
approximate potential for CO, emission savings from the operation of the CBS according to
the actual individual retrofitting scenarios prepared by CfB in accordance with the require-
ments of the long-term renovation strategy under Article 2a of the Energy Performance
of Buildings Directive (EU) 2018/844, and evaluate the possible contribution of energy
saving measures in the building stock to the national emission commitments considering
the updated emission factors for electricity, heat from district heating systems, and future
gas mix in gas pipelines.

2. Materials and Methods

The methods used in this study to model, calculate, and evaluate the potential for
savings in the operational CO; emissions of the CBS included the following:

e  Defining scenarios for the development of the CBS including starting state, especially
in terms of area, quality, and expected rate of retrofitting, and increase in the number
of new constructions;

e  Processing of data on energy consumption in buildings for the period up to 2050
(details on the data modeling are provided in Section 2.1.2);

e  Defining scenarios of shares of energy sources in future energy consumption for
heating, hot water, and lighting in buildings, in line with the consumption stated in
energy certificates;

e Adding estimates of energy consumption for appliances and cooking in the residen-
tial sector;

e Identifying the CO, emission factors for individual fuels and energy carriers;

e  Calculating operational CO, emissions of CBS for individual building retrofitting
scenarios;

e  Defining scenarios for the development of photovoltaic installations and variant
modeling of CO, emissions;

e Conducting a sensitivity analysis considering the future decrease in emission factors
of electricity from the national grid, heat from district heating systems, and gas from
the distribution network;
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e  Calculating the share of the CBS on the national operational CO, emissions and its
theoretical share in 2050;
e  Evaluating results with regard to the national climate commitments.

2.1. Definition of the Czech Building Stock Development Scenarios and Summarizing the
Corresponding Energy Consumption

This study was based on four construction-technical scenarios for the retrofitting of
the CBS. For each of them, partial scenarios were modeled, differing in the structure of
energy sources in buildings.

The following sections describe the origin of the base data of the composition of the
CBS; the modeling of the final energy consumption of the CBS; four scenarios of the depth
and pace of energy retrofitting; the projection of the shares of energy carriers on the final
energy consumption in the four scenarios; and the forecast of the development of the
building-attached and building-integrated photovoltaics (BIPV).

2.1.1. Origin of the Base Data on Composition of the CBS

The data on the composition of the CBS were obtained from several previous reports
published by Chance for Buildings, especially Investigation of the Czech Residential
Building Stock and Potential for Savings [36], Investigation of the Czech Non-Residential
Building Stock and Potential for Savings [37], Strategy for Retrofitting of Buildings [38], its
2016 update [39], and Long-Term Renovation Strategy of the Czech Building Stock—update
May 2020 [40]. The data for these reports originated from various datasets provided by the
Czech Statistical Office, especially data from the national 2011 census, the statistical survey
on buildings called ENERGO 2015, and a statistical survey on buildings called Budovy
1-99 from 2018. The basic data on the composition of the CBS are similar to those used in
the previous study [31].

2.1.2. Modeling of the Final Energy Consumption of the CBS

The base energy model of the CBS was created in 2016; hence, 2016 was the base year
for which the statistical data were collected. The energy model is composed of sub-models
of the residential and nonresidential building stocks. It was used to provide forecasts of
yearly total final energy consumptions of Czech residential and nonresidential buildings
between 2016 and 2075; in this study, we used datasets toward 2050.

For the energy simulations of existing residential building stock [36] (see Appendix A
for more details), we used a stochastic energy model that calculated the energy demand
for the heating of a set of 1000 simulated buildings, which was created from data samples
of buildings divided into 78 categories by typology, size, and age based on the statistical
data. The calculations in a custom-made tool (MS Excel sheets and macros) followed
the rules given by EN ISO 13790 and applied the boundary conditions used normally
when calculating energy performance certificates according to national rules. Statistical
data provided the input for the estimation of the proportion of residential building stock
that had already undergone energy retrofitting, estimated as 35% in 2016. The report
presents the calibration of the energy model according to the available statistical data on
the final energy consumption of building stock made by comparison of the calculated
(52,896 GWh/year) to statistical data provided by the Ministry of Industry and Trade of
the Czech Republic (47,798 GWh/year). The calibration of the model to the statistical data
was made by decreasing the considered indoor air temperature. An English summary of
the report is provided in Appendix A below.

The energy modeling of existing nonresidential building stock [37] (English summary
of the report is provided in Appendix B below) was based on a sample of 100 nonresiden-
tial buildings with detailed energy simulations and an additional sample of 20 existing
buildings with detailed data on real energy consumption. The building typologies in-
cluded in the study were office buildings, administrative buildings, commercial buildings,
educational buildings, cultural buildings, hotels, restaurants, medical facilities, sports
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facilities, storage buildings, and those with mixed use. A list of them and sample photos
are presented in the report [37], where Section 2.1 describes the geometrical characteristics
of the sample. Section 2.3 describes the outcomes of the energy modeling, which was
processed in line with the national Decree 78/2013 Coll. used for the calculation of the
energy performance certificates of buildings (the baseline scenario is provided in the charts
and tables labelled as SS and visualized in black). The resulting data on energy demand
and final energy consumption are provided from page 13 onward. The calibration of the
energy model was made by comparison of the simulated energy consumptions with the
real energy consumptions of twenty existing buildings. Based on these comparisons, we
derived a correction formula for their extrapolation on the whole nonresidential building
stock. It was based on a sensitivity analysis that identified the key parameters: surface
area/volume ratio, ratio between the mean U-value and the reference U-value used in the
declaratory energy performance calculation method, mean indoor temperature and the
overall efficiency of the heating system.

The simulated energy consumptions were extrapolated to the whole Czech nonres-
idential building stock using national statistical data on the proportions of each type of
building in the whole building stock.

The energy model considers various depths of energy retrofitting measures; their
combination is described further in the sections dedicated to scenarios.

Residential buildings statistically retrofitted to a low-energy standard and without
retrofitting were simulated using construction interventions leading to the reduction in
energy demand for heating and the improved efficiency of heating due to the replacement
of heat sources. The potential savings from the preparation of domestic hot water and
lighting were simulated separately.

The modeled nonresidential buildings that were in lower-than-current energy stan-
dards were simulated using various combinations of energy-saving interventions such as:
partial improvement in thermal characteristics of building envelopes; complex retrofitting
actions on building envelopes as a whole; replacements of heat sources; installations
of mechanical ventilation systems with heat recovery; installation of new renewable en-
ergy systems.

2.1.3. Four Scenarios of the CBS Development by the Depth and Pace of
Energy Retrofitting

For this study, we defined the four scenarios of the future development of CBS (Table 1):

e  Baseline Scenario, which corresponds to the state-of-the art policy without any im-
provements (business as usual);

e  Governmental Scenario, proposed in the Long-Term Renovation Strategy Supporting
Renovations of the National Residential and Nonresidential Public and Private Build-
ing Stock published by the Czech Ministry of Industry and Trade, which is responsible
for energy and construction policies [41];

e  Progressive Scenario (deep retrofitting of CBS);

e  Hypothetical Scenario (fast deep retrofitting of CBS).

The scenarios were defined with the help of the following variables:

e Annual retrofitting rates: the percentage of building stock that undergoes retrofitting
each year (by building category; Table 2).

e Retrofitting depths: In the context of the study, shallow retrofitting means that the
building envelope is upgraded to required U-values aligned with the national standard
CSN 73 0540; moderate indicates the recommended U-values are met; deep indicates
the U-values prescribed for passive houses and equipment of the building with a
mechanical ventilation with heat recovery. Table 1 provides further insights into the
typical U-values by the depths of retrofitting. The lower part of Table 2 shows the
distribution of the renovated building floor area by the retrofitting depths. Figure 1
visualizes the scenarios.
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Table 1. The retrofitting depths by the considered U-values of the main building compositions and ventilation systems for

nonresidential building stock energy modeling.

Retrofitting Depths
Type of Structure
Shallow Moderate Deep
Thermal quality of building envelope
Select typical U-values of the main building compositions in W/(m? - K)
External walls 0.30 light 0.25, heavy 0.20 0.15
Roofs 0.24 0.16 0.10
Floor below‘attic w}thout thermal 030 0.20 0.12
insulation
Floor structures above exteriors 0.24 0.16 0.12
Floor structures above unheated 0.60 040 025
underground floors
Windows 1.50 1.20 0.90
Doors 1.70 1.20 0.90
Ventilation
Natural ventilation or Natural ventilation or Mechanical ventilation system with
Ventilation system mechanical ventilation mechanical ventilation heat recovery (efficiency Ny hrsys =
without heat recovery without heat recovery 60% according to EN 308)

Table 2. Definition of the four scenarios of the development of the Czech building stock (CBS).

Building Retrofitting Scenario
Categories Depth Baseline Governmental Progressive Hypothetical
New construction and demolition: annual increase in floor area *
Residential—single family houses 1.11% 1.11% 1.11% 1.11%
Residential—multifamily houses 0.46% 0.46% 0.46% 0.46%
Nonresidential 0.96% 0.96% 0.96% 0.96%
Annual retrofitting rates by category (percentage of building stock that undergoes retrofitting each year)
Residential—single family houses 1.40% 1.40% 3.00% 3.00%
Residential—multifamily houses 0.79% 0.79% 2.00% 3.00%
Nonresidential 1.40% 2.00% 2.50% 3.00%
Distribution of the renovated building floor area by retrofitting depths and their time distribution
- Default shares, Linear increase Linear increase Hypothetical leap
Sm;ﬁ;ﬁoi:t::goiﬁgths by stable for whole from defaultuntil  from default until in 2020 and
8 categ period ** 2025, then stable 2025, then stable then stable
Residential: Shallow 35% 20% 5% 5%
smg[e-famﬂy Moderate 38% 40% 10% 10%
houses Deep 27% 40% 85% 85%
Residential: Shallow 31% 20% 5% 5%
e - ) Moderate 50% 40% 10% 10%
multifamily houses Deep 19% 40% 85% 85%
Shallow 27% 20% 5% 5%
Nonresidential Moderate 44% 40% 10% 10%
Deep 30% 40% 85% 85%

* Considered demolition rates: single-family houses 0.2%, multifamily houses 0.1%, nonresidential buildings 0.2%. ** Default shares of
retrofitting depths from the ENEX database, which collects data from the energy certificates listed for the purpose of “Major renovation of

existing building”, taken from [41].
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CBS structure in Baseline Scenario €8S structure in Governmental Scenario
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CBS structure In Progressive Scenario CBS structure in Hypothetical Scenario

m non-renovated floor area m shallowly renovated floor area
» moderately renovated floor area m deeply renovated floor area

Figure 1. Modeled shares of the nonrenovated, shallowly renovated, moderately renovated, and deeply renovated buildings
in the whole CBS (by buildings’ floor area).

From the energy model, we obtained the yearly final energy consumption for resi-
dential and for nonresidential building stocks between 2016 and 2050. Table 3 shows the
selected figures.

Table 3. A simplified overview of the final energy annual consumptions in PJ obtained from the
energy model that was used for the modeling of the carbon dioxide emissions of the CBS.

Scenario 2016 2030 2040 2050
Residential building stock
Baseline 234 219 204
Governmental 253 232 214 196
Progressive 206 154 126
Hypothetical 179 126 115
Nonresidential building stock

Baseline 117 109 102
Governmental 125 113 102 93
Progressive 107 94 86
Hypothetical 98 85 83

As the energy model used for residential buildings excluded energy consumption for
cooking and home appliances, they were added at the end in the annual amount of 15.5 PJ
for home appliances (in electricity) and 15.0 PJ for cooking (equal share of electricity and
natural gas). These values were constant for each modeled year.
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2.1.4. Projection of the Shares of Energy Carriers on the Final Energy Consumption in the
Four Scenarios

The projections of the shares of the energy carriers were defined separately for the
residential and nonresidential building stock for the years 2016 and 2050, and values
for the intermediate years were linearly interpolated. The base values for 2016 were
defined by the analysis of sources from the Czech Statistical Office listed above. The values
for 2050 were defined using national energy commitments by analyzing national policy
documents published recently by the Czech Ministry of Industry and Trade, especially The
National Energy and Climate Plan of the Czech Republic [6]. The definition of the share of
renewables was based on the reports by the Czech Chamber of Renewable Energy Sources
dealing with the renewable energy sources potential in buildings and on Czechia on Way
towards Carbon Neutrality [42]. The considered shares of the energy carriers and sources
are summarized in Table 4. Photovoltaics are discussed in the next section.

Table 4. Considered shares of energy carriers and sources on the final energy consumption in the four scenarios.

Scenario Baseline Governmental Progressive Hypothetical
Energy Carrier/Source 2016 2050 2050 2050 2050
Residential building stock

Fuel oils 0% 0% 0% 0% 0%
Natural gas 30% 25% 26% 23% 22%
Coal 12% 10% 3% 0% 0%
Biomass (excluding pellets) 20% 25% 20% 15% 12%
Pellets 0.3% 4% 9% 14% 16%
District heating 17% 16% 16% 15% 15%
Electricity 19% 10% 11% 8% 8%

Solar thermal 0.3% 2% 4% 6% 7%
Heat pumps 1% 9% 12% 19% 21%

Nonresidential building stock

Gas cogeneration 2% 2% 2% 2% 2%
Natural gas 27% 26% 23% 22% 22%
Coal 0.2% 0.2% 0% 0% 0%
Biomass (excl. pellets) 0% 0% 0% 0% 0%
Pellets 0.3% 4% 8% 8% 9%
District heating 29% 28% 25% 25% 25%
Electricity 42% 39% 36% 36% 35%

Solar thermal 0.2% 2% 4% 4% 4%
Heat pumps 0% 0.2% 3% 3% 3%

2.1.5. Forecast of the Development of the BIPV

Scenarios for the electricity produced from BIPV differ within the scenarios. The
basic difference is the depth of the retrofitting: the deeper the retrofitting, the greater
the assumption of preference for more complex projects and thus the installation of a
photovoltaic system. The scenarios were paired with the scenarios from the document
Potential for utilization of renewable energy sources in buildings (2018) provided by Czech
Chamber of Renewable Energy Sources, which explored the technical potential for BIPV. It
started from the optimum orientation and slope, which is in Czechia south facing area with
35° inclination. For BIPV installation, areas of roofs that have a reduction in the energy
yield lower than 20% and walls lower than 40% compared to the optimum position were
considered, and the maximum usable area on roofs for BIPV is considered as 40% and
only 20% of the south facing walls’ area. It was also assumed that 30% of buildings are not
suitable for PV installation at all due to shading by vegetation, other buildings or because
of legal restrictions or heritage protection. The considered efficiency of the PV panels was
18%. The resulting production of electricity from BIPV is shown in Table 5.
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Table 5. Considered yearly amount of electricity production in GWh from building-attached and
building-integrated photovoltaics. The values for the intermediate years were linearly interpolated.

Sector Scenario 2016 2030 2040 2050
Baseline and 262 2944 4710 6477

Resid ] Governmental
esidentia Progressive 262 5561 8995 12,430
Hypothetical 262 5414 9707 14,000
Baseline and 140 1560 2490 3420

N idential Governmental
enTasdentia Progressive 140 2940 4755 6570
Hypothetical 40 3129 5265 7400
GB:‘f’:i‘;\";::gl 402 4504 7200 9897
Whole building stock Progressive 402 8501 13750 19,000
Hypothetical 402 8543 14,971 21,400

2.2. Calculations of CO, Emissions in Scenarios
The calculations procedure for the amounts of CO; emissions included these steps:

e Taking the input yearly datasets for total energy consumption for residential and
nonresidential building stock in the four scenarios (data for 2016, 2030, 2040, and 2050
are shown in Table 3);

e Distributing the total energy consumption per energy carrier and energy source
according to Table 4;
Allocating the electricity production from BIPV for each year according to Table 5;
Multiplying the energy consumption by the corresponding emission factor (below);

e  Totaling the resulting emissions for each year in the four scenarios.

Assumptions about the Emission Factors

The CO, emission factors for fuels were obtained from the National Inventory Re-
port [43,44]. For the emission factor of the electricity from the grid, no single official number
was available. On the basis of an analysis of available sources [45-47] and consultations
with the representatives of the Ministry of the Environment, we set the emission factor as
0.6 t CO2/MWh.

Deciding on a single emission factor for the heat from district heating systems is
difficult because the emission factors are locally specific and the used fuels also depend
on the efficiency of the heat source, system losses, and, in case of cogeneration, on the
allocation of the produced emissions among the produced (and sometimes wasted) heat
and electricity. We considered various sources of relevant information [48-51]; for the heat
from the district heating systems, we selected a value of 0.3 t CO; /MWh.

The emissions from gas cogeneration units were roughly proxied by halving the
emission factor of the combustion of natural gas. In the calculations of the emissions from
heat pumps, we considered an average coefficient of performance 3.0 and electricity from
the grid as the energy carrier (so the resulting emission factor was one-third the electricity
emission factor).

We assumed that the electricity produced onsite from BIPV will save electricity that
would otherwise have had to be produced by the centralized sources supplying power to
the national electricity grid. Therefore, we multiplied the energy produced from photo-
voltaics by the emission factor for the grid electricity and subtracted them from the totals
for each year.

For the biomass, in line with the Czech methods for energy auditing, we assumed
sustainable forest stewardship and simplification leading to a zero emission factor. Simi-
larly, a zero emission factor was applied to the heat from the solar thermal collectors (not
considering the embodied impacts and neglecting the needed auxiliary energy).
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The CO; emission factors applied in the calculation are summarized in Table 6.

Table 6. CO, emission factors applied in the calculations in metric tonnes of CO,/MWh. BIPV,
building-integrated photovoltaics.

Fuel or Energy Carrier Assumed Emission Factor

(t CO2/MWh)

Coal 0.35
Fuel oils 0.26
Natural gas 0.20
Biomass 0.00
Heat from solar collectors 0.00
Electricity from the national grid 0.60

Onsite-produced electricity from BIPV (—)0.60
Heat from district heating system 0.30
Energy from gas cogeneration (proxy) 0.10
Heat from heat pumps 0.20

Due to the uncertainties regarding emission factors and the assumptions of future
reduction in some of them with the expected decarbonization of the Czech energy sector,
a sensitivity analysis was performed, as described below.

2.3. Sensitivity Analysis Considering the Future Decrease in Emission Factors of Electricity from
the National Grid, Heat from District Heating Systems, and Gas from Distribution Network

Due to the uncertainties regarding the emission factors for electricity, district heat, and
the possible future development of the gas mix, a sensitivity analysis was performed for
2050. The sensitivity analysis was performed both without and with consideration of BIPV.
Notably, we did not analyze the technical or legal potential of the emissions factors—it was
performed only to show what-if scenarios.

The effects of the potential reduction in emission factors were examined separately:

For electricity from the grid, a reduction in emission factors of 67% and 33% was
applied, from the initial value of 0.6 to 0.4 and 0.2 t CO, /MWh. This considers the possible
future decarbonization of the electricity grid (at the utility level). For district heating,
a reduction in emission factors of 75% and 50% was used, i.e., from the initial value of 0.3
to values of 0.225 and 0.15 t CO, /MWHh. This considers the possible future exchange of
coal resources for gas or biomass. For distribution gas, a reduction in the emission factor
of 90% and 80% was used, i.e., from the initial value of 0.2 to 0.18 and 0.16 t CO,/MWh.
This reflects the possible future injection of biogas into the distribution system, or syngas
produced with the help of low-emission electricity.

In the second step, these emission factor reductions were assigned to two variant
scenarios of emission factors’ reductions, as described in Table 7.

Table 7. Variant scenarios for CO; emission factors (EFs) applied in the sensitivity analysis for
electricity, heat from district heating systems, and gas from gas distribution systems for the year 2050
in metric tonnes of CO2 /MWh.

Emission Factors for Variant Scenarios for 2050

Fuel or Energy Carrier (t CO,/MWh)
EF1 (Baseline) EF2 EF3
Electricity from grid 0.600 0.400 0.200
Heat from district heating system 0.300 0.225 0.150
Gas from gas distribution system 0.200 0.180 0.160

2.4. Evaluating Results Regarding National Climate Commitments

To evaluate the results of the study with respect to national climate commitments,
we needed to summarize the input data related to the national climate commitments. In
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its Climate Protection Policy, the Czech Republic has committed to reducing greenhouse
gas emissions at least by 80% compared with 1990 [52]. Recently, the Czech government
supported the carbon neutrality of the EU as a whole by 2050 and articulated the willingness
to commit to a national reduction of 95% by 2050, but this statement has not yet been
materialized into any national policy. According to the National Energy and Climate Plan
of the Czech Republic [6], the Czech Republic produced a total of 194.35 Mt CO; ¢q in 1990
(without considering LULUCF and waste). By 2016, these emissions had fallen to 124.02 Mt
CO3,eq. Compliance with the commitment will necessitate a reduction in annual emissions
to 38.87 Mt CO2,q.

In this study, the complete localized emission factors for the global warming potential
(GWP (t CO2,q)) were not available; therefore, only emissions of carbon dioxide were
considered. The National Inventory Report of the Czech Republic from 2020 [43] provides
an overview of the production of greenhouse gases by individual gases. For CO; emissions
in the Czech Republic in 1990, it states a value of 164.2 Mt. If we consider the theoretically
even distribution of the national commitment among the monitored greenhouse gases
and sectors (applying the even contraction approach), the commitment means an 80%
reduction in the CO; production by 2050 of a maximum of 32.8 Mt. In 2016, this production
was 106.6 Mt CO,, so by 2050, it is necessary to reduce the annual production of Czech
emissions by another 73.8 Mt CO,.

The results of this study showed that the building stock produced a total of 36.9 Mt
CO; in 2016, which means that the operation of the building stock accounted for approxi-
mately 34.6% of total national emissions. The maximum target value needed to meet the
adequate national emission commitment allocated to the building stock is 11.4 Mt CO,
for 2050.

For 1990, emissions from the building stock could be retrospectively estimated as
67.25 Mt CO; (but this estimate is highly inaccurate; emissions fell sharply in the early
1990s mainly due to the downturn in heavy industry and economic restructuring).

3. Results
3.1. Results of the Calculated CO, Emissions by Scenario

The resulting emissions by scenarios are shown in the following tables. Table 8
shows the emissions achievable through energy-efficient retrofitting of buildings for each
individual scenario, i.e., improving the quality of building envelopes, replacing resources
with more efficient ones, and using efficient control systems and mechanical ventilation
with heat recovery, but without the installation of photovoltaic systems. Table 9 also
includes BIPV. For the sake of simplicity, the tables do not show values for each year
between 2016 (which was the base year of the energy model) and 2050, but only for 2016,
2030, 2040, and 2050.

Table 8. Resulting CO; emissions from the operation of the Czech building stock for individual
scenarios without considering BIPV. The values are given in Mt CO, /year.

Segment Scenario Year
2016 2030 2040 2050
Baseline 203 18.2 16.2
X . Governmental 19.7 17.2 149
Residential Progressive 22 175 130 104
Hypothetical 158 114 9.9
Baseline 125 115 10.5
. . Governmental 11.7 101 89
Nonresidential Progressive 13.7 1.1 93 81
Hypothetical 10.1 8.3 7.7
Baseline 328 29.6 26.7
R Governmental 314 27.3 238
Whole building stock Progressive 369 285 23 185

Hypothetical 26.0 19.8 17.7
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Table 9. Resulting CO, emissions from the operation of the Czech building stock for individual
scenarios considering onsite electricity production from BIPV. The values are given in Mt CO, /year.

. Year
Segment Scenario
2016 2030 2040 2050
Raseline 1R85 153 1213
. ) Governmental 179 144 11.0
Residential Progressive 51 141 76 29
Hypothetical 12.6 5.6 15
Baseline 115 10.0 84
. . Governmental 10.8 8.6 6.8
Nonresidential Progressive 136 9.3 6.5 42
Hypothetical 83 52 33
Baseline 30.0 253 208
[ Governmental 28.7 23.0 17.8
Whole building stock Progressive 36.7 234 14.0 71
Hypothetical 20.8 10.8 48

The results of the calculation show the potential for reducing the operating CO,
emissions of the CBS until 2050 without considering photovoltaics in the range between
approximately 27.6% in the Baseline Scenario and 52.0% in the Hypothetical Scenario,
compared with 2016. Including BIPV enables a total reduction in CO2 emissions ranging
from 43.6% to 86.9%. The results are visualized in Figure 2.

30

25
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5358888888 ¢88888828383888833333333333323
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= Residential Baseline = Residential Governmental
Residential Progressive = Residential Hypothetical
Non-residential Baseline ++ Non-residential Governmental
Non-residential Progressive Non-residential Hypothetical
-=gaseline (total) a=Governmental (total)
Progressive (total) w=i{ypothetical (total)
==2050 emissions target for bulldings

Figure 2. Modeled development of the amount of operational CO, emissions of the Czech building stock, including the
consideration of BIPV (considered constant emission factors, in Mt CO2). The dotted lines represent nonresidential building
stock, the dashed lines represent residential building stock, and the solid lines show totals for the whole CBS. The red line
represents the 2050 emission target for the whole CBS.

3.2. Results of the Sensitivity Analyses by Scenario

The following tables show the results of the sensitivity analysis of the values of
operational CO, emissions in 2050. Tables 10-12 show the sensitivity to the emission factors
of electricity from the grid, from the distribution, and from district heating, respectively.



Energies 2021, 14, 2455 130f24

The sensitivity to combinations of emission factors according to the combined variants
EF1-EF3 is listed in Table 13.

Table 10. Sensitivity of the resulting CO, emissions from the operation of the CBS to the value of the electricity emission
factor in 2050 for individual scenarios. Values are given in Mt CO, /year.

Electricity Without BIPV With BIPV

Electricity Emission Factor . .
(t CO/MWh) 0.6 (Baseline) 04 0.2 0.6 (Baseline) 0.4 0.2
Baseline 16.2 13.4 10.6 123 108 94
X . Governmental 149 12.0 92 11.0 9.5 79
Residential Progressive 104 8.1 59 29 32 34
Hypothetical 99 77 55 15 21 27
Baseline 105 83 6.1 84 6.9 54
N idential Governmental 89 7.0 51 6.8 5.6 44
onresiden Progressive 8.1 6.4 46 42 38 33
Hypothetical 77 6.1 44 33 3.1 29
Baseline 267 21.7 16.7 208 178 148
- Governmental 238 19.0 142 178 15.1 123
Whols bufliing stock Progressive 185 145 105 71 6.9 67
Hypothetical 17.7 13.8 9.9 438 52 56

Table 11. Sensitivity of the resulting CO, emissions from the operation of the CBS to the value of the emission factor of gas
from the distribution system in 2050 for individual scenarios. Values are given in Mt CO, /year.

Gas Without BIPV With BIPV
G“(IES‘(;‘;%\TI‘N‘;‘)“O' 0.2 (Baseline) 0.18 0.16 0.2 (Baseline) 0.18 0.16
Baseline 16.2 15.9 15.6 123 120 11.7
Residential Governmental 149 14.6 143 11.0 10.7 104
esidents Progressive 104 10.2 100 29 27 25
Hypothetical 9.9 9.8 9.6 15 14 12
Baseline 105 10.3 102 8.4 8.3 81
N idential Governmental 89 88 8.6 6.8 6.7 6.6
onresiden Progressive 8.1 8.0 7.9 42 41 40
Hypothetical 7.7 7.6 75 33 32 31
Baseline 26.7 26.2 258 208 203 19.8
3 Governmental 238 23.3 229 178 17.4 17.0
Whole building stock Progressive 185 182 179 71 68 65
Hypothetical 17.7 17.4 17.1 48 4.6 43

Table 12. Sensitivity of the resulting CO; emissions from the operation of the CBS to the value of the emission factor of heat
from the district heating systems in 2050 for individual scenarios. Values are given in Mt CO, /year.

District Heating Without BIPV With BIPV
Heat from District Heating System E
Factor ® 0'3?.0 ) 0.225 0.150 ® 0'3?3‘ ) 0.225 0.150
(£ CO,/MWh) aseline] aseline
Baseline 16.2 15.6 149 123 117 11.0
Residential Governmental 149 143 13.6 11.0 10.4 9.8
cesiden Progressive 104 10.0 9.6 29 26 22
Hypothetical 99 9.6 9.2 15 12 08
Baseline 10.5 9.9 9.3 84 7.8 72
N idential Governmental 89 84 79 6.8 6.3 59
onresiden Progressive 8.1 77 72 42 37 33
Hypothetical 77 73 69 33 29 24
Baseline 267 25.4 242 208 19.5 183
. Governmental 238 27 216 17.8 16.7 15.6
Whole building stock Progressive 185 17.7 169 71 63 55

Hypothetical 17.7 16.9 16.1 48 41 33
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Table 13. Sensitivity of the resulting CO, emissions from the operation of the CBS to the combination of the improved
emission factors in 2050 for individual scenarios. Values are given in Mt CO, /year.

Combinations Without BIPV With BIPV
Emission Scenario EF1 (Baseline) EF2 EF3 EF1 (Baseline) EF2 EF3
Baseline 162 125 R7 123 99 74
. . Governmental 149 11.1 73 11.0 85 6.0
Residential Progressive 10.4 75 47 29 26 22
Hypothetical 9.9 7.2 44 15 16 1.6
Baseline 105 75 46 84 6.2 39
N idential Governmental 8.9 6.4 39 6.8 5.0 32
onresidential - pporassive 8.1 58 35 42 32 22
Hypothetical 7.7 5.6 34 33 26 19
Baseline 26.7 20.0 133 208 16.0 11.3
Whole Governmental 238 17.5 111 17.8 135 9.1
building stock Progressive 18.5 134 82 7.1 58 44
Hypothetical 17.7 12.7 78 48 42 35

3.3. Evaluation of Results from the Perspective of Emissions Targets

The results of the calculations showed that the modeled building stock produced a
total of 36.9 Mt CO; in 2016, with 23.3 Mt CO, originating from residential buildings and
13.7 Mt CO; from nonresidential buildings. The total floor area of the buildings in 2016
was 599.49 million m?, and the mean emission intensity for the entire building stock was
61.6 kg CO,/ mz-year.

In the same year, 2016, the national emissions amounted to 106.6 Mt CO,, which
means that the share of the operation of the building stock in total national emissions
was approximately 34.7%. The share of residential buildings in national emissions was
approximately 21.9% and that of nonresidential buildings was 12.9%.

As for the accuracy of the provided results, the emission calculations of the baseline
scenario were based on energy consumption data from the energy model that was calibrated
to the available national statistics as described in Section 2.1.2 and on the emission factors
shown in Table 6. Thus, the inputs on the energy inputs were as precise as possible; on the
other hand, there is a source of uncertainties in the emission factors of the electricity from
the grid and in the emission factor of the heat from district heating systems (which were
both represented by just one figure).

The national commitment converted to CO, emissions in 2050 represents the total pro-
duction of emissions as 32.8 Mt CO,. For simplification, if we assume an even distribution
of responsibility for reducing emissions across the sectors of the Czech economy, we can
consider a constant share of national emissions for the building stock. This would mean
that the target maximum annual CO, emissions of the building stock in 2050 would be
11.4 Mt CO;. The expected floor area of buildings in 2050 was estimated at 741.02 million
m?, so the target emission intensity of the building stock to meet the national commitment
was calculated as 15.4 kg CO,/m? year, which is one-fourth compared with 2016.

The comparison of the emission values in individual scenarios listed in Tables 7 and 8
with the maximum target value needed to meet the national emission commitment of
11.4 Mt CO; showed that the commitment can only be met by implementing the Progressive
Scenario at least for the retrofitting of buildings in combination with the development
of photovoltaics.

In the Hypothetical Scenario, the target would be met as early as 2040, and in 2050,
it would be close to the commitment to fully decarbonize the Czech building stock.

The Baseline scenario does not lead to a sufficient reduction: it reaches almost twice
the value of the target for 2050. The Governmental Scenario then exceeds the target value
by 56%.

To meet the Czech Republic’s emission commitment, it is necessary to reduce the an-
nual national production of emissions by 73.8 Mt CO, by 2050. If the Hypothetical Scenario
considering photovoltaics is implemented, the building stock would save 31.9 Mt CO,
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per year, which would contribute a total of 43.2% to the reduction at the national level,
i.e., a higher share than current emissions from buildings in total emissions.

In the Hypothetical Scenario without the development of photovoltaics, if the emission
factor of electricity from the grid is reduced by 33% to 0.4 t CO,/MWh, the emissions
of the CBS will decrease by 22.0% by 2050 compared with the model with a constant
emission factor. In the case of a reduction of 67% to 0.2 t CO; /MWh, the decrease would
be approximately 44.0%. A reduction in the emission factor of the heat from district
heating systems by 25% or 50% would reduce the emissions by 4.5% or 9.0%, respectively.
A reduction in the gas emission factor by 10% or 20% would result in a drop in the carbon
dioxide emissions by 1.7% and 3.4%, respectively. In the case of a reduction in emission
factors according to the EF2 combination of emission factors, the reduction in emissions
would be 28.2%; EF3 would result in a 56.5% decrease in emissions.

In cases where BIPV is included and the deduction of theoretically excess electricity
is compared with the electricity emission factor from the grid, the situation is less clear,
because the higher the reading, the higher the electricity emission factor, and the faster the
development of photovoltaics. In practice, this means that as the electricity emission factor
decreases, the total emissions from buildings in 2050 will be slightly higher in the most
progressive retrofitting scenario, as this scenario also envisages the rapid development of
photovoltaics, the production of which is exported to the grid. However, this only provides
a methodology for calculating emissions from the building sector and the specific role of
electricity and photovoltaics.

In the Hypothetical Scenario until 2050, the total emissions of the building sector can
be reduced by up to 90% compared to 2016 due to the integration of photovoltaics and the
consideration of the EF3 combination of emission factors.

4. Discussion
4.1. Uncertainties

Due to the scale of the energy model, a number of simplifications were required in
this study, which inevitably lead to uncertainties.

The main source of uncertainty is the emission factors used. In contrast with the
previous study from 2016 [31] published in 2019, which was based on the emission factor
of electricity from the grid, which was based on the already obsolete value of 1.17 kg/kWh
specified in the then valid decree for conducting energy audits, here, we used an emission
factor closer to the statistical values for the Czech energy mix of 0.6 kg/kWh, which is
almost half the old value. This led to a significant correction toward a reduction in the
resulting CO, emissions. In future work, the emission factor change during the day and
over the year in various situations should be considered, and the marginal emission factor
should be calculated for the specific subcategories of the national building stock, including
forecasting future scenarios related to the future composition of the power sector, flexibility
and smartness of the energy grid, and flexibility and smartness of the buildings (as leading
examples of these studies, see Kiss et al. [53] or ClauR et al. [54]).

Another source of uncertainty is that the emission factors were not used dynamically,
and some back loops were not considered. For example, a reduction in the emission factors
for both gas and district heating should be reflected in the reduction in the emission factor
for electricity cogeneration in heating plants.

Emission factors for renewable energy sources were considered to be zero, but in
reality, this is not the case. For example, to obtain heat from solar collectors, auxiliary
energy is needed, which was neglected. Similarly, a zero emission factor was used for
biomass, as the condition of renewable nature was assumed to be met, which means
sustainable cultivation of biomass so that no more biomass is used than can be grown.
However, it is uncertain whether this condition will be met in the future. Emissions related
to the extraction and processing of biomass were also neglected.
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Uncertainties in emission factors were partially solved by the performed sensitivity
analysis for the target year 2050, which showed how the individual scenarios behave when
considering the gradual reduction in emission factors.

Other sources of uncertainty are the assumptions of the future development of the
share of energy sources in buildings and thus various fuels or energy carriers. The definition
of their scenarios was preceded by an expert discussion and analysis of available documents.
We estimated that the effect of the deviation from the assumed share of resources in
buildings is less than the effect of the inaccuracy of emission factors.

Some uncertainties arise from the nature of the input data of the time evolution of
final energy consumption in buildings, which was based on a simplified energy model and
assumptions about the future development of the building stock.

In addition, there are uncertainties in the marginal climatic conditions. In the previous
study from 2016 [31], energy consumption was modeled in two climate scenarios, RCP4.5
and RCP8.5, to determine the impact of changes in climatic conditions in the Czech Republic
on the final energy consumption in buildings. With regard to the expected increase in
temperatures in both climatic scenarios, the assumption of an increase in consumption for
cooling and air conditioning and a decrease in consumption for heating was added to the
energy model. The resulting effect was a reduction in energy consumption in individual
scenarios in 2050 by 1.7% to 2.3% for RCP4.5 and 5.5% to 6.4% for RCP8.5 compared with
the baseline scenario. This reduction would also affect emissions. Due to the relatively
small variance in consumption and the relative laboriousness of the modeling results in
this updated study, these differences were not incorporated.

Energy-efficient retrofitting of the building stock will be associated with the production
of associated greenhouse gas emissions, which will be released as a result of the extraction
of raw materials, the production of building materials and energy systems, their transport,
and the construction processes for their incorporation. These embodied emissions have not
yet been thoroughly considered as they have not been considered significant in relation to
operational emissions. However, once operational emissions from buildings can be reduced
to zero, the combined emissions from construction products and HVAC systems will
become more important and will significantly impact the overall production of greenhouse
gas emissions related to the building stock, as indicated by recent studies [29]. A good
example of various material considerations in such analyses is presented in [55].

4.2. Discussion of the Results in the Context of Previous Studies

Although the previous study from 2016 presented the share of buildings in national
CO; production as being 43%, this refined study reports a 34.7% share, which is closer to
the European average of 36% reported by the European Commission [7].

The calculated reduction potential for the national building stocks” CO; production in
2050 ranges from 27.6% to 52.0% without considering the uptake of BIPV, and from 43.6%
to 86.9% when factoring in the rapid uptake of BIPV. These figures are not comparable
to the relatively low reduction potential reported from the Asian countries mentioned
in the introduction, where the massive growth in building stock is expected. However,
the resulting figures are compatible with the GHG saving potential ranges for 2050 from
Germany (35-65%) [25-27] and with the figures presented [30] for Czechia (CZ-ENTRANZE
for 2030: 40%; CZ-Mapping for 2030 37%; CZ-Briskee for 2030: 38%; CZ-Progressh for
2030: 26%). The report does not include Czech figures for 2050, but the figures for 2050
for the neighboring Slovakia are 72% (ZEBRA), 70% for Germany (ZEBRA), and 60% for
Poland (ZEBRA).

4.3. Recommended Policy Actions

The CfB issued a report [40] that summarized the long-term strategy for the renovation
of buildings, which aligns with the results of the investigations presented in this paper.
The report (in its Section 11) summarizes the recommendations of the following measures
to be taken to achieve the national climatic targets:
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Policy measures:

O
O

Inclusion of the modeled scenarios into the national energy policy;
Inclusion of the savings measures proposed in the study into sectorial policies.

Economic measures:

0]

Maintain all incomes from the EU Emission Trading Scheme dedicated for
GHG emissions reduction in the existing subsidy scheme, New Green Savings
Programme for energy retrofitting of residential buildings and support new
construction meeting the passive energy standard and with additional finan-
cial instruments;

Maximize the use of the European Structural and Investment Funds and the
European Commission’s Modernisation Fund for increasing the energy efficiency
of public and commercial buildings and the rollout of renewable energy systems
for buildings;

Combine the investments with energy performance contracting (EPC) in the
public sector;

Using the above-mentioned financial sources and EPC for governmental build-
ings, which shall be used as examples of best practices (following the EU Energy
Efficiency Directive);

Provide financial support for energy-efficient social housing in the form of
training social workers in do-it-yourself energy efficiency measures for low-
income people.

Legislative and administrative measures:

0]

Tightening of the energy performance standards for subsidized building reno-
vations. The actual standard was set as a cost optimum, but when a project is
subsidized, the requirements can be shifted accordingly;

Improving the standard for nearly zero energy buildings (which is, in the actual
Czech implementation, less demanding than passive housing standards) closer
to the passive house standard equipped with renewable energy systems;
Harmonizing the boundary conditions and calculation methods for the Czech
implementation of the Energy Performance Certificates;

Examining the possibility of tax benefits for energy-efficient buildings;
Ensuring coherent requirements of construction legislation and harmonized
energy performance requirements in the building permission process;
Broadening the existing ENEX system for reporting and evaluation of en-
ergy savings.

Education and counseling measures:

0]

0]

0]

Strengthening support for consultancy by extending the existing partly subsi-
dized Energy Consulting and Information Centers network and by presenting
examples of good practices including their economic performance;

Preparation of targeted methods to support quality project preparation in the
public sector, i.e., the creation of project stocks for investment in all building
segments which needs to be further developed;

Increasing public awareness among real estate owners on the benefits of deep
energy retrofits;

More intensive training and education on all scales.

Research and development:

0]

Supporting the research and development of new materials, technologies, and
processes that can significantly reduce the costs of implementing energy-saving
measures and local renewable energy systems. Opportunities for targeted sup-
port of science and research in the field of energy-efficient construction should
be sought.
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5. Conclusions

In this study, we quantified the potential for CO2 emission reductions from the op-
eration of the Czech building stock according to updated building retrofitting scenarios
and evaluated the possible contribution of energy-saving measures applied to the building
stock to national emissions commitments.

The calculations were based on the modeled final annual energy consumption of
the CBS in four retrofitting scenarios in the years 2016-2050. The results showed that the
building stock produced a total of 36.9 Mt CO, in 2016, with 23.2 Mt CO, originating
from residential buildings and 13.7 Mt CO, from nonresidential buildings. The share
of residential buildings in national emissions was approximately 21.8%, the share of
nonresidential buildings was 12.8%, and the total share was 34.6%.

The results of the calculation showed the potential for reducing operating emissions
without considering the photovoltaics of the CO; buildings of the Czech building stock
until 2050, ranging from approximately 27.6% in the Baseline Scenario to 52.0% in the
Hypothetical Scenario. When BIPV was included, this reduction ranges from 43.6% to
86.9%. Compared with 1990 emissions, the reduction range under various assumptions for
building retrofitting and the development of photovoltaics is between 69% and 93%.

Assuming a balanced share of industry sectors in reducing greenhouse gas emissions,
the national climate commitment for the building stock in 2050 was calculated as 11.4 Mt CO,.
The resulting values for the individual scenarios were compared with this target value.

The comparison of emission values in individual scenarios, listed in Tables 8 and 9,
with the maximum target value needed to meet the national emission commitment of
11.4 Mt CO, showed that the commitment can only be met by implementing at least the
Progressive Scenario for the retrofitting of buildings with the simultaneous development
of photovoltaics. In the Hypothetical Scenario, the target would be met as early as 2040,
and in 2050, emissions from the building stock would be close to the target of their full
decarbonization. The Baseline Scenario led to almost double the values compared with the
required target for 2050. The Governmental Scenario exceeded the target value by 56%.

Achieving truly zero emissions in the future must be heavily supported by reducing
electricity, district heating, and gas emission factors, and/or significantly changing the
share of buildings in energy sources so that high-emission sources are not used, and/or
pairing buildings with carbon capture and storage technologies in the future.

To meet the Czech Republic’s emission commitment, it is necessary to reduce the annual
national production of emissions by 73.8 Mt CO; by 2050. In the case of the implementation
of the Hypothetical Scenario with photovoltaics, the CBS would save 31.9 Mt COz per year,
which would contribute to a reduction at the national level by reducing emissions by a total
of 43.2% compared with the 2016 emissions benchmark.
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Appendix A. English Summary of the Data from the Report on the Investigation of the
Czech Residential Building Stock

This appendix summarizes the main information provided in the report Prizkum
fondu rezidenénich budov v Ceské republice a moznosti tspor v nich, which describes the
energy modeling of the residential building stock [36]. In the text below, the page numbers
in the report are referenced, which is available at http://sanceprobudovy.cz/wp-content/
uploads/2018/04/pruzkum-rezidencnich-budov-v-cr.pdf (accessed on 21 March 2021).

The demand for energy for heating for the base year was calculated from simulated
samples of residential buildings in the categories of single-family houses and multi-family
houses (page 8). Both categories were broken down to subcategories by year of construction
(before 1920; 1920-1945; 1946-1960; 1961-1980; 1981-1994; after 1994) and by the level of
floors above ground. The categories were also broken down by the number of floors (single-
family houses: 1; 2; and 3; multi-family houses between 1 and 11 per floor, then a category
of buildings above 11 floors). For each category, a parametric sample of 1000 buildings
describing various geometries and thermal properties of the building envelopes was
created. The resulting energy demands for heating were recorded for each building and for
the whole category and they were coupled with the statistical data on the Czech residential
building stock. The resulting figures were compared with the statistical data on energy and
fuels consumption, which served as a basis for the calibration of the model.

The related statistical data on the categories by number of units and floor areas are
summarized on pages 11-13 (single family houses) and 14-16 (multi-family houses). The
chart on page 17 shows the amounts of residential buildings by number of floors.

The considered U-values of the components of building envelopes per category by the
year of construction are summarized on pages 18-20 (Figure 9 shows U-values of external
walls; Figure 10 U-values of roofs; Figure 11 U-values of floors on the ground; Figure 12
U-values of windows and doors).

Table A1. Considered U-values for the components of building envelopes of single-family houses by the year of construction
(in in W/m?K) Reproduced from [36], Sance pro budovy: 2016.

Year of Construction

Before 1920 1921-1945 1946-1960 1961-1980 1981-1994 After 1994

Min Max Min Max Min Max Min Max Min Max Min Max

Roofs/floors below attics
External walls
Floors on ground
Windows and doors

0.66 1.05 083 148  0.68 148  0.64 1.01 026 055 017 042
0.83 131 1.02 1.62 1.02 170 090 166 038 059 019 030
242 384 077 178 077 134 068 152 038 1.31 034  0.62
180 285 180 285 180 344 203 321 150 290 083 154

Table A2. Considered U-values for the components of building envelopes of multi-family houses by the year of construction

(in in W/m2K) according to [36].

Year of Construction

Before 1920 1921-1945 1946-1960 1961-1980 1981-1994 After 1994

Min Max Min Max Min Max Min Max Min Max Min Max

Roofs/floors below attics
External walls
Floors on ground
Windows and doors

1.10  3.09 0.60 178 076 172 043 1.01 035 055 024 038
0.83 162 083 131 1.07 170 070 143 055 09 019 059
049 077 077 122 076 122 0.69 1.09 062 1.31 030 053
180 285 180 285 218 344 183 321 203 344 1.20 1.90
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Pages 21-23 report on the geometric characteristics of the family houses and Table 13
on page 23 shows in detail used geometric characteristics for the group of single-family
houses with two floors.

On pages 24-25, datasets obtained from the Ministry of Industry and Trade of the
Czech Republic on the total energy consumptions for space heating, domestic hot water
preparation and for lighting in 2011 are presented.

Pages 25-27 present an estimation of a share of buildings with applied thermal insula-
tion. It is based on the study from the previous project PanelSCAN and on the estimation
of the amount of installed external thermal insulation composite systems based on sales
statistics by the Czech Guild for Thermal Insulation of Buildings. The resulting estimation
of already insulated buildings used in the calculations is 35%.

Considered efficiencies by energy sources are shown in Table 20 on page 28, which
shows calculated energy demand for heating and considered efficiency by type of fuel. The
considered combined energy efficiencies for heat sources were:

Qil and petroleum products: 81.6%;

Natural gas: 81.6%;

Coal and coal products: 72.0%;

Biomass: 72.0%;

Heat from district heating systems: 94.1%;
Electricity: 85.5%;

Heat from solar systems or from heat pumps: 96.0%.

Assumed consumptions of the hot water are shown in Table 24 on page 31 (in single-
family houses 35-55 L per person and day, in multifamily houses 12.78-20.08 L per person
and day). The considered volumes of the hot water storages and the lengths of the heat
distribution piping are in Annex 3.

Table 34 on page 36 presents the calculation of the energy consumptions for lighting.

From page 38 on, the report discusses the investment costs; the economic aspect is out
of the focus of this paper, so it is skipped in this description.

Appendix 1 on pages 60-64 summarizes the geometric characteristics, proportions
of the building envelopes’ components, mean U-values of the building envelopes and the
percentage of glazed areas for all categories of the single-family houses.

Appendix 2 on pages 65-72 provides a summary of the energy simulation results. The
energy consumption for the baseline year for the single-family houses is shown in Table 59
on page 66 and for the multifamily residential houses in Table 64 on page 71.

Appendix B. English Summary of the Data from the Report on the Investigation of the
Czech Nonresidential Building Stock

This appendix summarizes the main information provided in the report Priizkum
fondu nerezidenénich budov v Ceské republice a moznosti tispor v nich, aktualizovana
verze prosinec 2016, which describes the energy modeling of the nonresidential building
stock [37]. In the text below, the page numbers in the report are referenced, which is avail-
able at http://sanceprobudovy.cz/wp-content/uploads/2018/04 / pruzkum-nerezidencnich-
budov-v-cr.pdf (accessed on 21 March 2021).

The energy modeling of the nonresidential building stock was based on two samples
of buildings. One is a sample of 100 buildings for which an energy model is available to
assess the energy performance certificate. The model is created for all buildings in the
same way and in accordance with Decree 78/2013, Coll., TNI 730331, and EN ISO 13790.
Furthermore, the study evaluates a sample of 20 buildings for which, in addition to the
energy model, real energy consumption (especially for heating) based on energy bills is
also available. The text then compares the calculated values according to standard energy
certificate calculation method and the real consumption of buildings. The calibration of
the energy model was made by comparison of the simulated energy consumption with
the real energy consumption on twenty existing buildings. Based on these comparisons, a
correction formula for their extrapolation on the whole nonresidential building stock was
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derived. It was based on a sensitivity analysis that identified the key parameters: surface
area/volume ratio, ratio between the mean U-value and the reference U-value used in the
declaratory energy performance calculation method, mean indoor temperature and the
overall efficiency of the heating system.

The report starts with the introduction of the sample of 100 buildings. The building
typologies included in the study were office and administrative buildings, commercial
buildings, educational buildings, cultural buildings, hotels, restaurants, medical facilities,
sports facilities, storage buildings, and those with mixed use. Appendix 1 on pages 69-80
presents photos of all buildings for illustration. The buildings” heated floor area varied
from 163 m” and 32,211 m?; the mean area was 4502 m” and median 2313 m* (details
on distribution chart (Figure 2), volumes (Figure 3), A/V ratios (Figure 4) and glazing
ratios (Figure 5) are on pages 6-7). Section 2.2 on pages 9-11 describes the U-values and
boundary conditions in the considered scenarios, which are summarized in Table 1 of this
paper above.

Section 2.3 presents results of the simulations. Figure 6 shows the distribution of mean
U-values of the modeled building’s envelopes and Table 8 presents the energy classifications
of the building envelopes by scenario. Table 9 shows the calculated energy demands for
heating; for the baseline scenario, the results span between 40 and 371 kWh/ m2. The
mean value of energy demand for heating is 135 kWh/ m?2, which results in 233 kWh/m?
in final energy consumption after figuring in the auxiliary energy consumption and the
system efficiencies.

Section 3 works with the sample of real twenty buildings with data from energy audits
and elaborates on the energy savings potential in scenarios.

Section 3.2 documents the design of the correction factor formula by using the sensi-
tivity analyses, and the formula itself is presented on page 29.

Section 4 presents the outcomes of the application of the correction formula on the
sample of 100 buildings, which shifts the span of results in the final energy consumption to
the range of 40-256 kWh/m? and the mean value to 108 kWh/m?. Section 4.2 describes
the economic evaluation of the energy retrofitting measures (which is out of the scope of
this paper).

Section 5 summarizes the background statistical data that were used for the energy
modeling of the Czech nonresidential building stock. General data are presented on pages
38-46, page 47 provides granular information on educational buildings.

Section 6 deals with the procedure of the extrapolation of economic considerations to
the whole nonresidential building stock.

Section 7 provides a detailed description of the modeled heat sources and their pa-
rameters. The dimensioning of the modeled heat sources was performed for the extreme
external temperature —15 °C (which is more or less representative for Czechia on average)
and safety surcharges of 20% were added. As shown in Table 39, the power of the heat
sources varied from 20 kW to 3 MW, the average power was 330 kW for the baseline
scenario. For the calculations, the heat loss calculation has been made per square me-
ter, as shown in Table 40. Considered efficiencies of heat sources by energy type or fuel
are presented in Table 43 on page 54. The prevailing heat sources and their considered
efficiencies were:

e  Heat from district heating systems: efficiency 98-99%;
e Natural gas: efficiency 77-98%;
e  Electricity: efficiency 93-99%.

Table 60 on page 67 summarizes the energy consumption other than for heating. The
largest average value of supplied energy was for the lighting (15 kWh/m?a) and for hot
water preparation (14 kWh/m?a). For cooling, the average value of 1.3 kWh/m?a was
stated, but it should be noted that only 33% of the buildings had cooling. The average value
for buildings where cooling occurred was 4 kWh/m?a. It should also be noted that even for
buildings that have energy supplied for cooling, these are usually only some parts of the
buildings that are cooled. From the point of view of the methodology of the calculation of
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supplied energy, cooling is approached differently from heating and the supplied energy is
identical to energy consumption. The specific energy demand for cooling would therefore
be approximately 12 to 16 kWh/m?a for buildings with cooling, taking into account a
cooling factor of 3 to 4. At the same time, however, it should be noted that the calculation
of cooling energy consumption using the monthly method CSN EN ISO 13790 shows

irrelevant results in many cases.
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Abstract

Target values for creating carbon budgets for buildings are important for developing climate-
neutral building stocks. A lack of clarity currently exists for defining carbon budgets for buildings
and what constitutes a unit of assessment—particularly the distinction between production- and
consumption-based accounting. These different perspectives on the system and the function that is
assessed hinder a clear and commonly agreed definition of ‘carbon budgets’ for building construction
and operation. This paper explores the processes for establishing a carbon budget for residential and
non-residential buildings. A detailed review of current approaches to budget allocation is presented.
The temporal and spatial scales of evaluation are considered as well as the distribution rules for
sharing the budget between parties or activities. This analysis highlights the crucial need to define
the temporal scale, the roles of buildings as physical artefacts and their economic activities. A
framework is proposed to accommodate these different perspectives and spatio-temporal scales
towards harmonised and comparable cross-sectoral budget definitions.

Policy relevance

The potential to develop, implement and monitor greenhouse gas-related policies and strategies
for buildings will depend on the provision of clear targets. Based on global limits, a carbon budget
can establish system boundaries and scalable targets. An operational framework is presented that
clarifies greenhouse gas targets for buildings in the different parts of the world that is adaptable to
the context and circumstances of a particular place. A carbon budget can enable national regulators
to set feasible and legally binding requirements. This will assist the many different stakeholders
responsible for decisions on buildings to coordinate and incorporate their specific responsibility at
one specific level or scale of activity to ensure overall compliance. Therefore, determining a task
specific carbon budget requires an appropriate management of the global carbon budget to ensure
that specific budgets overlap, but that the sum of them is equal to the available global budget
without double-counting.

Keywords: building stock; buildings; built environment; carbon budget; climate policy; greenhouse gases
(GHGs); mitigation

' Chair of Sustainable Construction, ETH Zirich, Zurich, CH. ORCID: 0000-0003-3533-7896

2 Working Group Sustainable Construction, Institute of Technology and Testing of Construction Materials, Graz University of Technology,
AT; and KU Leuven, Faculty of Engineering Science, Department of Architecture, Leuven, BE. ORCID: 0000-0003-2940-1230

* Wegener Centre for Climate and Global Change, University of Graz, Graz, AT, and Institute of Economics, University of Graz, Graz,
AT. ORCID: 0000-0003-3850-9315

“* Czech Technical University in Prague, University Centre for Energy Efficient Buildings, Prague, CZ. ORCID: 0000-0002-3142-2631
* The Department of the Built Erwironment, Aalborg University, Copenhagen, DK. ORCID: 0000-0001-7642-4107
Technology & Society Laboratory, Empa, St. Gallen, CH. ORCID: 0000-0002-4363-9563

" New Zealand Life Cycle Management Centre, c/o Massey University, Palmerston North, NZ; and School of Agriculture and
Environment, Massey University, Palmerston North, NZ. ORCID: 0000-0001-8419-3708

¥ ETH Zirich, Zurich, CH; and Politecnico di Milano, Milan, IT. ORCID: 0000-0002-7217-6019

o



430 Carbon budgets for buildings: harmonising temporal, spatial & sectoral dimensions

1. Introduction

The climate crisis is prompting an intensive examination into the reduction of anthropogenic greenhouse gas (GHG)
emissions. The relevance and pressing nature of this topic is highlighted by the integration of climate change mitigation
measures into the globally recognised Sustainable Development Goals (SDGs) (UN 2015), through SDG 13: ‘Take urgent
action to combat climate change and its impacts'. The alarming reports of the Intergovernmental Panel on Climate
Change (IPCC) (2018a: 32) and the commitments to national GHG emission-reduction measures within the framework
of the United Nations Climate Change Conference of the Parties (COP) (UN 2019) have brought this topic to the top of
the political agenda.

In the meantime, urbanisation is expected to add 2.5 billion people to the global urban population by 2050
(Swilling et al. 2018). Together with the pressure to overcome the already sizable housing deficit and lack of decent
built environment, this urbanisation peak will increase the construction material requirements and GHG emissions
associated to their production (Géswein et al. 2018). Recent studies show the small amount of progress achieved in
reducing GHG emissions associated with construction of new buildings (Réck et al. 2020). Furthermore, in countries
where most of the building stock has been built, fast and deep energy retrofit is needed of the residential building stock.
The IPCC states retrofit rate of the residential building stock should increase from today’s 1-2% per year up to 5% per
year (in Organisation for Economic Co-operation and Development (OECD) countries) (IPCC 2018b). This renovation
activity also contributes to GHG emissions through the production of insulation materials (Heeren & Hellweg 2018).
Recent studies by the International Energy Agency (IEA) estimate that cement and steel used for construction and
renovation of buildings would be responsible for an average of 2.3 Gt CO,e (CO,-equivalent) emissions annually up to
2060. An ambitious policy on material reduction demand could curb these emissions by more than 50% (IEA 2019).
A current estimate of embodied GHG-emissions from buildings is 10 Gt CO,e/yr. This amount could be reduced to
only 2 Gt with decisive actions or reach 16 Gt CO,e/yr if current trend is continued (Global Alliance for Buildings and
Construction 2016). Buildings could even act as a carbon sink if insulation materials (Pittau et al. 2019) or structural
materials (Churkina et al. 2020) are not based on fossil fuels but switched to bio-based materials.

Buildings are clearly identified by policy-makers as a key point to reduce GHG emissions (Anderson, Wulfhorst, & Lang
2015). However, the different stakeholders such as portfolio managers, national political leaders, heads of industry, civil
and building engineers, and designers do not include the same activities under the topic called ‘buildings’. Sometimes
only the emissions related with the use of buildings are included (e.g. C40Qcities strategies; De Blasio 2017). Sometimes
emissions related to cement and steel production are targeted (e.g. European Trading Scheme—ETS), but this will
include building construction along with other activities such as infrastructure or automobile production.’ Sometimes,
the production of goods related to construction and operation of buildings within the country are included but not
the imports are excluded, e.g. UK carbon roadmap (Miliband 2008). Sometimes the level of action is at the city level
and budget is constrained by the population living inside administrative boundaries (Mirabella & Allacker 2020). This
creates confusion as it is difficult to grasp the boundaries of what is considered. The prevailing confusion becomes an
obstacle, because actors do not have a complete picture of the field of action corresponding to their perspective and
their tasks. Therefore, a clear system of objectives, actors, fields of action and possibilities of influence is needed. The
goal of reducing GHG emissions assigned to the built environment must be translated in such a way that each group of
actors can develop strategies for their specific area of work and responsibility in order to measure the success of their
activities.

The objective of this paper is to define an operational framework to clarify the targets for climate mitigation in
the built environment in the different parts of the world. This operational framework needs to be transparent, by
reporting hypotheses and assumptions made. It also needs to be consistent across scales and stakeholder's task in order
to avoid double counting or gaps in carbon accounting. It responds to a practical need for policy-makers, regulators and
administrators, designers and clients to have a clear target value for GHG emissions per m? or per m2.yr. Such a design
target might be different depending on the local climate and social needs.
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2. The carbon budget approach
The focus of this paper is on the definition, allocation and interpretation of a carbon budget approach. The advantage
of this approach is that many actors in the construction sector already adhere to other defined budgets that must not
be exceeded. A carbon budget can be adapted to the respective object under consideration and its system boundaries by
choosingsuitable referencevalues. It is thus an important instrument for reducing undesirable effects on the global climate.
The carbon budget refers to the maximum cumulative amount of anthropogenic GHGs which can be released in the
atmosphere in order to keep the global Earth temperature within a given limit (IPCC 2018b). Transgressing this budget
raises the risk of disturbing the climate system beyond an irreversible tipping point (Steffen et al. 2018). Climate change
caused by GHG emissions is perhaps the most pressing environmental issue.

2.1. A global carbon budget

The IPCC has investigated different scenarios for global warming and related 'emission reduction pathways' (IPCC 2014).
Based on this scientific evidence, policy-makers have agreed to use 2°C target as important objective for international
climate policy (UNFCCC 2016), even though a 1.5°C target is now under consideration (IPCC 2018a: 32).

However, higher GHG concentration levels than those consistent with long-term temperature targets may be possible
if negative emissions technologies reabsorb this concentration excess before 2100 (van Vuuren et al. 2013). Such (limited)
overshoot scenarios can be attractive as they require less short-term reductions and seem to have only limited additional
risks except that it shifts the efforts towards the next generation to implement these uncertain and costly carbon capture
and storage technologies (Van Vuuren et al. 2017). A synthesis of these different carbon budgets depending on the target,
2 or 1.5°C and the potential use of negative emissions by the end of the century is presented in Table 1.

2.2. Allocation issues: per countries and capita

Once a global GHG budget has been defined, it can be allocated to specific actors: a national government, a city
government or even a single person; or their respective area of activities. This step requires the carbon budget concept
to be used as a tool in guiding practical decisions and actions of specific stakeholders.

The disaggregation of the global budget into ones for particular stakeholders (or area of activities) involves two
dimensions: specification of the level of disaggregation (country to person) and of the accounting principle that
determines how much of it is used up by particular activities. A common first level of disaggregation is by countries,
within which the budget could be broken down further by, e.g., economic sectors, areas of need or per capita.

In the literature, allocation mechanisms are discussed mainly for disaggregation at the country level (Alcaraz et
al. 2019). The smaller the budget assigned to a country in relation to current emissions, the more mitigation effort
is implied for that country. The allocation of budgets thus often is framed under the perspective of effort-sharing.
Allocation mechanisms have been categorised based on the three equity principles of responsibility, capability and
equality, and on their various combinations, as specified in IPCC AR5 (Clarke et al. 2014):

- Responsibility: Refers to whether historical emissions are considered. If so, their over-proportional occurrence re-
duces the share of a country in the global budget that is still remaining as of today.

- Capability: Draws on the UNFCCC principle that countries should act ‘in accordance with their common but
differentiated responsibilities and respective capabilities and their social and economic conditions' (UN 1992,
Article 3). In budget allocation this implies a larger budget share for countries ranking lower in indicators such as
gross domestic product (GDP) or the human development index (HDI).

- Equality: Often means ‘allocations based on immediate or converging per capita emissions’ (Clarke et al. 2014: 458).
Immediate equality in per capita terms apportions the remaining global budget to countries based on their popula-
tion. Equality that converges at a future point in time (possibly as late as 2050) involves a type of ‘grandfathering’
which acknowledges that current high emitters need time to make a transition. However, this attributes legitimacy
to the status quo of highly unequal levels of emissions and even justifies their further persistence. This approach
ensures highly industrialised countries have far more emission rights in the transition period, but no justification
is provided for preserving this inequality beyond the fact that countries happen to have reached highly unequal
levels (Williges et al. 2020).

Table 1: Total remaining global carbon budget expressed in Gt CO,e: It includes all greenhouse gas (GHG) emissions.

Without negative emissions  With negative emissions

T1.5C WB2C LB2C T1.5C WB2C LB2C

2020-50 (Gt CO,e) 500 700 1100 1700 1900 2300
2050-2100 (Gt CO,e)  Netzero Netzero Netzero -1200 -1200 -1200

Note: A scenario likely below 2°C (LB2C) is in line with the IPCC’s 5th Assessment Report, as cited in Rogelj et al. (2016) with 50%
below 2°C. A well below 2°C scenario (WB2C) is based on Rockstrém et al. (2017) with more than 66% below 2°C. Finally, a target
of 1.5°C (T1.5C) is defined according to Millar et al. (2017) with 50% below 1.5°C.

Source: Adapted from Williges et al. (2020).
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These three equity principles have also been applied in various combinations, as specified in Table 2.

The issue of national budgets is not pursued further in this paper. However, it is assumed that a national carbon
budget defined in accordance with the approaches listed in Table 2 is the starting point for a further subdivision into
sectors, fields of action and areas of need.

2.3. Defining specific budgets according to the object of assessment

2.3.1. Mediating production and consumption models

The implementation of carbon budgets should be applicable on multiple levels, across activities. Figure 1 illustrates a
supply—demand concept. From a built environment perspective (buildings and infrastructure), the supply or production
side can be represented, for instance, by the different industry sectors, which provide goods and services as an input. On
the demand or consumption side one can find people and their different areas of need.

A production-based accounting approach would consider only direct emissions at the construction site (Le. the in
situ emissions from construction vehicles and equipment using fossil fuels). It is useful for the producers, yet tends to
ignore the influence that the agents of final demand have on emissions during earlier steps in the production value
chain. Alternatively, the emissions that had occurred in the production of upstream processes including emissions

Table 2: Categorisation of budget allocation approaches.

IPCC category Description
Responsibility Use of historical emissions to derive future reduction goals
Capability Approaches relating goals to gross domestic product (GDP) or human the development

index (HDI), other basic-needs-fulfilling approaches
Equality Allocation based on immediate or converging emissions per person

Responsibility, capability and need Includes approaches placing an emphasis on historical responsibility, balanced with
capability and the need for sustainable development

Equal cumulative per capita Combines equality with responsibility (cumulative accounting for historical emissions)
Staged approaches Differentiated commitments, various stages, sectoral approaches or grandfathering approaches
Sources: Based on Hohne, den Elzen, & Escalante (2014) and Williges et al. (2020).

| Capacity of the planetary ecosystem
v
| Global Budget: GHG emissions

|
|
[ v
| Population (Country) _:—)I Budget per capita f-s
|
|

_______________ ¥
: Population (World) -—»{ Budget per country
.............. - L
| Effort sharing approach ||  Adjusted budget per country

PRS- |

[ |

Agriculture — Nutrition
Industry : Buildings < Housing
Energy 7 g Leisure
Waste Transport
S Areas of activities Areas of need
(cross-sectoral) (personal budget)
Supply side

Demand side

Figure 1: Different points of view for defining budgets across activities. The industry sector includes the construction
product industry, construction industry and real estate industry. The agriculture sector includes by-products used as
bio-based building materials.
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from the production of materials or infrastructure required to provide the final product can be considered. This latter
approach follows a consumption-based accounting principle. However, including this consumption-based accounting
approach might not fully address the relevance of production decisions for products that are exported’ to other agents
for their final demand. Ultimately both accounting principles should be acknowledged (Steininger et al. 2016), such
that agents’ decisions are based on an indicator system suitable for their needs that avoids pathways with unintended
counterproductive implications for the global GHG concentration.

2.3.2. Sectoral approach

The definition of economic sectors can follow different approaches, e.g. the classical three-sector model of primary,
secondary and tertiary sectors, or an owner-based approach distinguishing public and private sectors, amongst others.
Several international and national standards have been established for the classification of economic sectors for
statistical purposes, such as, e.g. the International Standard Industrial Classification of All Economic Activities (ISIC)
for worldwide use developed by the United Nations Statistics Division (UNSD) (2008), or the Statistical Classification
of Economic Activities (NACE) classification of economic activities for the European Union (Eurostat 2008) as well as
a multitude of national classifications that, more or less, align with these international systems. In practice, several
definitions and conventions are used depending on the context these are defined in. For instance, the IPCC's 1.5°C
Special Report applies a sectoral perspective based on ‘energy end-use sectors’ focusing on society’s main sectors, and
includes buildings, industry, transport, energy, and agriculture, forestry and other land use (AFOLU) (IPCC 2018b). The
current authors prefer an approach which, from a macro-economic point of view, divides the national economy into
basic sectors such as agriculture, industry, energy and waste management. The industry sector is further subdivided and
includes the construction product industry, construction industry and real estate industry.

A common strategy for implementing emission reductions across sectors and activities, e.g. in policy roadmaps,
is to follow a contraction and convergence approach. This means defining emission reduction targets for individual
sectors based on current (or past) levels of GHG emissions, e.g. a 50% reduction in GHG emissions by 2030 from a
1990 baseline.

2.3.3. Areas of activities
Based on the GHG protocol (WRI & WBCSD 2013), the GHG emissions can be defined for the national building stock or
one residential building:

- Direct emissions (scope 1) from building operation, e.g. GHG emissions from burning fossil fuels for heating and
cooling, lighting, hot water, etc.

- Upstream emissions (scope 2) from provision of operational energy from the respective energy sources, e.g. indirect
emissions of district heating or electricity.

- Indirect emissions (scope 3) related with upstream and downstream activities, including the production and process-
ing of building materials as well as construction, maintenance and replacement, renovation and demolition of the
building at the end of its service life.

All these different perspectives—scopes 1-3—need to be considered when assessing the emissions across the full life-
cycle of ‘buildings’ or construction assets.

An approach is proposed here to encompass the full life-cycle of ‘buildings'".

The term ‘sector’ is used here to refer to ‘'economic sectors’ or its parts (e.g. construction product industry, construction
industry, real estate industry). The term ‘area of activities' is used where different industrial sectors contribute to a cross-
sectoral activity, such as the ‘production, construction, use and end-of-life of buildings', in short, ‘buildings’.

2.3.4. Areas of need

Apportioning the global (or country) budget using a consumption-perspective (Beylot et al. 2019; Cabernard, Pfister,
& Hellweg 2019) brings the issue of appropriate needs into focus (e.g. mobility, housing/shelter, nutrition; Creutzig
et al. 2018). People's needs and practices are what creates demand, which induces economic activity and causes the
associated environmental burdens (Figure 1). However, the imposition of carbon mitigation efforts equally across all
areas of needs is socially unjust as certain needs are more fundamental (e.g. sufficient nutrition) than others (e.g. air
travel) (Otto et al. 2019).

An important distinction must be made between essential (or basic) and advanced (or luxury) needs (O'Neill et al.
2018; Rao & Min 2018; Raworth 2017). For example in the area of housing, the essential need may be defined as a certain
floor space per inhabitant with a decent comfort level (Rao & Min 2018). Fulfilling the basic needs for a prospective
world population (approximately 10 billion in 2050) with the technology available during the transition period, will
consume a certain fraction of the remaining carbon budget and can be seen as the emissions necessary to ensure the
social foundation (Rao & Baer 2012). Giving priority to achieve a decent life for all—in line with the internationally
agreed SDGs (UN 2015)—necessitates and justifies to increase the allocation of the remaining carbon budget to areas of
basic needs (Figure 1). Whatever is left may then be shared among advanced needs. In the example of housing, every
additional m? or increased comfort receives a smaller carbon budget, ie. assigned an increased mitigation effort.
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3. Multiple perspectives on buildings and building-related activities
It is possible to identify three largely different objects of assessment as described in Figure 1: the economic sectors,
the area of activities ‘buildings’ and the area of need ‘housing’. Residential buildings are a subgroup of buildings
here. If constructed assets or infrastructure are included, the area of activities then become ‘creation and operation of
construction works' in a wider sense.

Once a clear definition of the object of assessment is given, the principles described in the previous section for
dimensioning and allocating budgets can be applied to buildings as area of activities.

The economic sectors contributing to the construction, maintenance and operation of buildings are related to
macroeconomic sectors such as:

- Industry: the production of building materials (construction product industry including upstream processes),
the construction of buildings and infrastructure (construction industry), and the management of buildings and
building stocks (real estate industry and facilities management).

- Energy and water supply: all services related to the operation of buildings and associated construction and mainte-
nance of these infrastructure and upstream processes.

- Waste management: the solid and liquid waste generated during the construction of the buildings and their use.

The area of activity ‘buildings’ focus on the production, construction and use of the physical objects, including
end of life processes (reuse, recycling and/or disposal). This area of activity focuses on different spatial boundaries,
from national level to the single-building scale. In relation to such physical objects the term ‘building stock' is
also used.

The area of needs ‘housing’ relates to the area of activity ‘residential buildings’ which is on the demand side (Jenny,
Griitter, & Ott 2014; Rao & Min 2018).

In this paper, a diversity of the objects of assessment is accepted due to the diversity of stakeholders associated with
building’s activities. Each stakeholder has a specific interest because each of them is responsible for the management
of one specific task at one specific level/scale of activity. Therefore, determining a task specific carbon budget requires
an appropriate management of the global carbon budget to ensure that specific budgets overlap but that the sum of
them is equal to the available global budget without double counting.

Table 3 shows the link between the list of stakeholders involved in buildings' activities and the previously described
object of assessment. The general distribution of interest for the different stakeholders is defined based on expert
advice? and is not a result of surveys (Lin et al. 2017) or semi-structured interviews (Li et al 2018). But there is a general
agreement between the common viewpoint in this paper and other studies on the powers, interests and responsibilities
of stakeholders along the value chain of building construction and use (Li et al. 2018; Lin et al. 2017; Tengan & Aigbavboa
2017, Yang, Zou, & Wang 2016).

It is clear that national and regional governments have a significant power to set rules and targets. Sustainability
assessment and certification bodies, which mainly operate at the building scale and sometimes at district level (Cole
2005; Pati, Park, & Augenbroe 2006) have an influence that cannot be neglected. Actually, even if the proportion of
certified buildings and neighbourhoods is low in relation to all construction activities, these organisations have been
and are still pioneers in the introduction of GHG emissions target values. For instance, in Germany, sustainability
assessment systems like BNB and DGNB evaluates GHG emissions during the life-cycle and set limit and target values
for buildings since more than 10 years (BMUB 2014).

Households and architects mostly focus on one single building and as individual actors, their influence is hardly
measurable. However, as a complete group of actors, they are the key target group for the specification of carbon
budget for embodied and operational part of individual buildings as they are the one who will ultimately implement
such specifications. The overall concept of a carbon budget approach is not considered at the individual level. Instead,
it is either through professional organisation of architects and engineers or real estate companies which can establish
rules of good practice and standards (e.g. SIA 2040:2017; SIA 2017) or through financials constraints and incentives
which can drive individual owner’s choices.

In that sense, institutional investors, property and housing companies, property funds, banks and insurance companies
can decide to green their investment portfolio in relation to the carbon footprint of the buildings they own (in their role
as investor and portfolio manager) or finance (in their role as financer or insurer) (TEG 2019). Financial organisations
can drastically transform the construction market if clear carbon data and budgets exist for specific objects. Responsible
banking could finance carbon budget compatible activities (for material producers, for real estate companies or for
individual owners) in the same way as insurance companies have integrated climate change risks into their portfolio
management (Dlugolecki 2000). Weber & Kholdova (2017: 6) state:

the financial industry should develop indicators that can be used internally to measure and evaluate climate
change-related performance. [..] Methods such as carbon footprinting, avoided emissions and green-brown
metrics—though still in their infancy—are helpful for managing carbon-related risks and allocating climate
change responsibilities.
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4. A scale specific budget approach for stakeholders
4.1. A framework spanning spatial and temporal scales
Figure 2 illustrates the overlapping interests and the need for scale specific budgets. This provides a coherent alignment
across scales. In this way, one can begin to reconcile a budget for yearly emissions of an economic sector (e.g. the part of
the construction or the energy sector required for residential activities) with a budget for one building object over its full
life-cycle. A pool of buildings such as a district, a real estate portfolio or a national building stock can also be analysed
and provided with specific budgets, tailored to the respective use case. This budget can consider the current state of
the building stock and/or its future evolution. Finally depending on the stakeholders’ interests, one would define a
budget only for emissions related with operation of these objects (building/district/portfolio/national building stock)
(scopes 1and 2), or include emissions related with their production, construction, maintenance and demolition (scope 3).
Figure 3 explicitly shows the different steps for carbon budget definition. This transparency provides acomprehensible
definition of the system boundaries and the hypothesis associated with a given budget. The decision choice depends on
the stakeholder's viewpoint and allows for different configurations. Key aspects to consider are:

- Global budget: What is the global carbon budget available? This depends on the climate model taken as well as the
chosen target (1.5-2°C, etc.).

- Effort sharing and allocation principles: How is this budget shared between people, countries and industrial sectors?
Which rules are applied, e.g. contraction and convergence, equal budget per capita, etc?

- Object of assessment: What is the object of assessment: the construction industry, building operation, one specific
building, one district or a complete building stock of a defined region? Which life-cycle stages are covered and how
is the budget shared across them?

- Building budget: is the allocated budget translated to a specific building intervention? This final step establishes a
correlation between the budgets defined in previous steps and translates them to a budget per m? building floor
area. This allows engineers and architects to use this budget in the design process. Furthermore, city planners
or policy-makers can use such budgets to analyse and plan interventions at building stock level, such as retrofit
scenarios or science-based governance of new construction allowances.

. New construction

¢ Maintenance, replacement

‘> Refurbishment, retrofit

(see 2.2) (see 2.3) o " .
. perational ener,
Sharing budget Budgets by sectors, . &
per capita, per region activities and needs 8 End of life, demol. /recyc.
[ |
Retrospective «---- l el 2 Prospective
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Buildings & Construction -

; Single building (see 4.5) ): (_J “; ___________ Building stock (see4.3)
I 0 : x
: X NN R !

................... L _— -

2000 2010 2020 2030 2040 2050 Time

Figure 2: Four perspectives on ‘buildings’ and related spatial and temporal scales.
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Figure 3: Decision tree for budget definition, showing the various steps and decisions to be taken and specified for
definition of environmental budgets. Several aspects in this definition are sensitive to country specific characteristics
(e.g. number of people, historic emissions, etc.) as well as sensitive to behavioural aspects (e.g. number of people using
a building and area per person).

4.2. Budgets for economic sectors and areas of activities
This section provides some examples that have been promoted in different countries or regions to illustrate the different
strategies and choices in defining environmental targets.

To deliver on the EU’s commitment in the Paris Agreement and to respond to the objective of limiting global
warming to 1.5°C, the European Commission (EC) communicated the target for GHG emissions reductions of 91-94%
below 1990 levels by 2050 (EC 2018). The underlying in-depth analysis (EC 2018) presents multiple scenario-based
pathways for reducing GHG emissions towards the aspired ‘net-zero' levels by and beyond 2050. All scenarios rely on
the implementation of CO, removal technologies.

Once this global EU budget calculated, it is possible to construct a yearly per capita budget considering current
population as well as its evolution to 2050 (Table 4). Finally, the EC has also defined different strategies depending
on the economic sectors considering the economic and technical feasibility of their decarbonation potentials. From
a more technical point of view and following an efficiency and consistency strategy, greening the energy sector is
the easiest, followed by the reduction in energy demand during building use (due to deep retrofit) and finally the
decarbonation of building material production (included in industry sector) (Davis et al. 2018). There could also
be a sufficiency strategy to reduce energy demand by a change in the occupants behaviour through the selection
of appropriate comfort level and the optimisation of space demand. However, this approach is less promoted by
the EC.

In the EU's long-term strategy for reducing GHG emissions, energy-efficiency measures, including the energy
efficiency of building operation, play a central role in reaching ‘net-zero GHG emissions by 2050’ through the reduction
of energy consumption ‘by as much as half compared with 2005 (EC 2018). To improve the energy performance of
buildings, the EU has implemented the Energy Performance of Buildings Directive (EPBD) (EC 2010). EPBD targets
are set per country and have thus so far focused on energy efficiency and, at least not explicitly, the reduction of
GHG emission. Benchmarks are currently specified for the energy consumption per m? and the percentage share of
renewable energy as well as minimum requirements regarding the thermal transmittance (U-value) of the building.
While these requirements will have a substantial effect on the energy-related GHG emissions, they do not yet fully
connect to the GHG reduction targets set by the EU.

Different approaches for definition of a carbon budget for the area of activities ‘buildings’ are also possible at the
national level. For instance, the German Climate Protection Plan 2050 (BMUB 2016) mentions ‘buildings’ as an area
of action. It represents the emissions related with the energy used for the operation of buildings. There is a specific
objective for 2030 and it can be interpreted as a partial carbon budget for building operation emissions. For 2050 the
target is a climate-neutral national building stock—when considering the operational part. There is no target or budget
in place for the embodied part at the moment (Table 5).

The embodied emissions related to building activities are considered in the area of action ‘industry’, which includes
construction product industry among others. Depending on the feasibility of the decarbonation process and the future
demand perspective, adjustment and allocation between industries are negotiated. While some industrial activities
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Table 4: Overview of European Union (EU) greenhouse gas (GHG) emissions reduction targets and related carbon budg-
ets in total, per sector and per capita.

Reference Future targets
1990 2030 2050

EU total
Reduction targets (%) 100 —46 to —47%° 91 to —94%*
GHG emissions (Mt CO,e/yr) 5650 3060-3091 343-494
Per capita
EU population 4187 449¢ 4414
Emissions budget (CO,e/cap.yr) 13.52 6.81-6.88 0.78-1.12
Per sector
Power
(%) 100%  -54to-68%" -97 to-108%
(Mt CO,e/yr) 1869° 598-860  —141to 47
Industry
(%) 100%  —34to-40%" —96to—98%
(Mt CO,e/yr) 1359° 815-897 29-53¢
Residential and services
(%) 100%  —-37to-53%" —97 to-98%
(Mt CO,e/yr) 7310 344-461 11-13¢

Notes: *Values based on 1990 EU-28 GHG emissions inventory scope under UNFCCC (excluding LULUCF) (EEA 2020).
bSectoral targets for 2030 based on EC (2011).

€2050 based on EC (2018) (Scenarios 1.5TECH, 1.5LIFE and 1.5LIFE-LB).

4EU population evolution based on Eurostat (2020).

Table 5: German climate action plan.

CO,e emissions (Mt/yr)

Area of action 1990 2014 2030 2050
Energy 466 358 175-183 0
Buildings 209 119 70-72 0
Transport 163 160  95-98 0
Industry* 283 181 140-143 17

Agriculture and LULUCF 88 72 58-61 43

Notes: CO,e emissions reduction targets are split depending on the year and the area of actions. The area of activity is called here area
of action’. LULUCF = land use, land use change and forestry.

“Including waste.

Sources: Data are for 2030 (BMUB 2016) and 2050 (Benndorf et al. 2016).

have to reduce their emission by 100%, the construction product industries (steel, aluminium, cement, lime, glass and
insulation materials) represent more than 60% of the remaining emissions in 2050 (Benndorf et al. 2016). It confirms
the fact that these industries are the most difficult to decarbonise as emissions do not come only from the energy
related processes but also from raw material-related emissions (e.g. limestone decarbonation in cement). Acting only
on industry energy efficiency is therefore not possible for construction-related industries and a sufficiency approach
is required where the objective is a reduction in material demand (IEA 2019). This material reduction must involve
stakeholder beyond industry sector (Favier et al. 2018) and this is the reason why design targets and carbon budgets for
the embodied part of buildings are needed (see section 4.5).
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4.3. Budgets for national or regional building stock

Achieving regional or national GHG reduction targets, including the ones discussed above, is challenging and requires
mitigating GHG emissions from both existing and new buildings of a chosen region or country (Giesekam, Tingley, &
Cotton 2018; Rock et al. 2020). Thus, it is crucial to translate these regional or national GHG reduction targets into
meaningful sub-global levels (Bjoern et al. 2020; Hayhi et al. 2016); the building stock is one of them (Balaras et al.
2007; Lavagna & Sala 2018).

Some researchers have already investigated about what these regional or national targets mean to building stocks
in different countries (Cuéllar-Franca & Azapagic 2012; Giesekam et al. 2018; Lavagna & Sala 2018). However, much
of the work is related to the existing buildings in a specific year (or a period) and failed to account for future changes
in a building stock such as variations in construction and demolition rates, changes in building sizes, and changes in
construction technologies and materials. Accounting for these aspects is critical when assigning a share of the global
carbon budget to a chosen building, which can be either an existing building or a future building.

To that end, Chandrakumar et al. (2019, 2020b) proposed a top-down based approach for determining carbon
budgets for building stocks (and individual buildings), considering the existing national building stock which should
be operated in a country from now to a certain time in the future (e.g. 2030, 2050) as well as the new building stock
that should be constructed in the same period. Their approach translates a chosen global climate target (e.g. 1.5 and
2.0°C) into a global carbon budget available from now until a certain time in the future and shared between countries,
applying the so-called effort-sharing principle of cumulative emissions per capita. This effort-sharing principle is centred
on achieving equality in terms of the cumulative GHG emissions of different populations across the world (van den Berg
et al. 2019; Yu et al. 2011) through the contraction and convergence approach.

Subsequently, shares of the country's carbon budget are assigned to the residential as well as non-residential building
and construction sectors of the chosen country, using the grandfathering effort-sharing principle (van den Berg et
al. 2019). This principle implies that the carbon budget share (ie. the right to emit GHGs) is determined based on
the relative contribution of the sector to the country’s total consumption-based GHGs in a chosen reference year
(Chandrakumar et al. 2020a).

A carbon budget (calculated per 1 m? gross floor area) for embodied life-cycle stages is then determined by dividing
the carbon budget available for the area of activity related with construction by the total gross floor area of the pre-
existing and newly built dwellings that exist in the chosen period. Similarly, a carbon budget (calculated per 1 m*yr)
for operational life-cycle stages is calculated by dividing the carbon budget for the area of activity related with building
operation by the total gross floor area that operate in the same period.

Finally, carbon budgets for different buildings (can be either residential or non-residential) are determined by
multiplying the calculated carbon budgets for embodied and operational life-cycle stages with the respective gross
floor areas (and the service lives for operational) of the selected buildings.

The proposed approach was recently applied by McLaren et al. (2020) to calculate 1.5°C consistent carbon budgets for
three common types of residential dwellings in New Zealand, e.g. newly built single-family detached house, medium-
density house and apartment. According to McLaren et al, the 1.5°C consistent carbon budgets for embodied and
operational life-cycle stages are 86 and 61 kgCO, e/m?yr, respectively. Furthermore, the 1.5°C consistent carbon
budgets for the whole life-cycle of a typically sized* New Zealand newly built single-family detached house, medium-
density house and apartment (over a service life of 90 years) are 35, 20 and 17 t CO ¢, respectively.* Alternatively, when
the 2°C global climate target is chosen, the carbon budgets for the three residential dwellings increased to 50, 29 and
241 CO,e, respectively, which is a factor 1.4 increase compared with the 1.5°C consistent carbon budgets.

4.4. Budget for a district

Usual carbon targets are allocated at building scale (SIA 2040:2017; SIA 2017) based on the type of activities (e.g.
housing, offices) and the intensity of use (number of occupants). This approach allocates a similar carbon budget per m?
to a building type, without considering the specificity of each project (e.g. solar exposure, urban rules). A consideration
of a budget at the district scale, which can then be distributed between the buildings depending on their potentials
(e.g. solar exposure) and their constraints (e.g. shape), can better distribute efforts between buildings. To implement this
strategy, a method has been developed in Fribourg (Switzerland) and consists of five steps:

(1) The district is divided into zones with similar context (e.g. maximum building height, solar exposure), so that
buildings within these zones will have similar targets.

(2) For each of these zones, a series of building-level possibilities are generated by defining hypotheses of pro-
ject-specific parameters and varying design options. The GHG impact of each project alternative is evaluated,
thus generating a knowledge database of thousands of options and their corresponding life-cycle impacts.

(3) The average GHG impact of all project design possibilities within one zone is calculated, followed by the cal-
culation of the available GHG impact in accordance with the building area and usage, as defined by SIA2040
norm. Contextual targets are then calculated by attributing the share of the total site impact proportionally
to the average impact of each zone (Nault et al. 2020).
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(4) The method can also be further applied from the building scale towards carbon budget for its systems and
components (Jusselme et al. 2019) such as the windows and the heating system.

(5) The technical feasibility of reaching a specific contextualised target is thus evaluated and compared with the
one of a uniform target. This technical feasibility is an index of performance calculated as the ratio between
the number of design options that have a GHG impact lower than the GHG target, and the overall number
of design options of the knowledge database.

In Table 6, the method is applied to a case study ‘Blue Factory' site in Fribourg (Switzerland), which includes eight plots
for new buildings (plots A1-D) mixing housing and offices. Results indicate that for the same overall GHG impact at the
district level (20 CO,e/m2yr), small changes in the target distribution at the zone level leads to a significant increase of
the technical feasibility. In zone A1, for instance, increasing by 1.8 kgCO,e/m2yr the GHG target (+9% compared with
the uniform target) leads to increase by 29% the feasibility index. To balance the increase of GHG targets, zones C3
and D will have to reach slightly higher performance levels which do not affect significantly their respective feasibility
indices (~6.6% and -5.5%). Hence, the allocation of a district-level carbon budget in contextual sub-targets influences
significantly the technical feasibility of building-level projects and could offer more flexibility or efficiency in the
building design and construction.

4.5. Budgets for a single building

4.5.1. Per capita budget for single building

The application of a per capita budget has been popularised by the Swiss 2000-Watt Society (Zimmermann, Althaus,
& Haas 2005). It was first introduced by ETH Ziirich in 1998 and envisioned the average First World citizen reducing
the overall primary annual energy consumption to 2000 W (which is 48 kWh/day) and 1 tonne CO, per capita and
per year by 2150 with intermediate target of 2 t CO, in 2050. This vision was then adapted considering the urgency of
climate action in order to achieve the budget of 1t CO,e per capita and year already in 2050 (Hollberg, Liitzkendorf,
& Habert 2019). However, the 1t per capita value does not come from a global budget but the assumption that this
level is a sustainable emission level, considering current population level and applying a contraction and convergence
logic.

Adifferent approach for residential buildings in Czechia focuses on setting an intermediate GHG benchmark for 2030
aligned with the Paris Agreement (Pdlensky & LupiSek 2019). This target is derived from a global yearly allowance for
GHG emission in 2030 defined in the Emissions Gap Report 2018 (Olhoff & Christensen 2018). These annual allowed
emissions are then equally distributed per global capita (using a forecasted global population of 8.55 billion in 2030),
resulting in 4.68 and 2.81 t CO,e/year per capita if 2 or 1.5°C targets are chosen.

Once a budget per capita is defined, the next step is to estimate the proportion of the personal GHG allowance to
be allocated for individual housing. In Czechia as well as in Switzerland, the estimated share of the current building
emission is used as a proxy. However, the definition of ‘building emissions’ does not cover the same buildings. In

Table 6: Results in terms of uniform and contextual distribution of the greenhouse gas (GHG) targets and relating
changes in technical feasibility per zone.

Zone Al A2 A3 B c1 c2 Cc3 D Total
district

Uniform Uniform GWS target 20 20 20 20 20 20 20 20 20
target (kgCO,e/m2yr)

Number of design 7297 8355 7948 8740 913 883 1172 1192 -

options below the

target

Feasibility (%) 554 634 596 665 675 65.3 86.6 88.1 -
Contextual Contextual GWS target 218 214 216 214 213 222 19.1 189 20
target (kgCO e/mzyr)

Number of design 11,137 11,210 11,283 10,448 1088 1114 1083 1117 -

options below the

target

Feasibility (%) 845 85.1 846 79.5 80.4 823 80 826 -
Changes in feasibility (%) 29.1 217 25 13 129 17 -6.6 -5.5 -
Built area per zone (m?) 3000 6000 4000 10,000 4000 12,000 30,000 35,000 104,000

Note: GWS = global warming score.
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Czechia, 23.35% represents an estimated share of the residential building stock to the overall 2014 national CO,
emissions (LupiSek 2016).

In Switzerland, emissions cover the six building categories which comprise 80% of the Swiss building stock:
residential, administration, school, specialised store, food store and restaurant. The Swiss guide values include building
construction, operation and also mobility directly related to the building over the whole life-cycle of a building. The
current share of emission was determined for each building category based on the Swiss statistics 2010. Further details
are provided in the SIA 2040:2017 (SAI 2017) standard.

Finally, it is possible to reach a budget per building or per m? by multiplying the personal building allowance defined
previously by the planned number of building occupants, as in Czechia (Lupffek 2019) or the energy reference area (A4,)
per capita, as in Switzerland (SIA 2015). Details are presented in Table 7.°

Table 8 illustrates the importance and potential for sufficiency strategies to reduce the floor area per resident. As the
budget is defined per capita, if there is a smaller area (m?) per capita, then the GHG budget per area (m?) would increase
(see also Pfaffli et al. 2012).

Similar work has been conducted in Denmark. Brejnrod et al. (2017) defined climate targets for a single-family house
in Denmark (for 2010) at 110 kg CO,e/cap.yr. They calculated the carbon budget available for a global citizen in 2010
(985 kg CO,e/cap.yr for 2°C) and assigned a share of it to a Danish single-family house using the sharing principle of
final consumption expenditure (Le. the relative share of household expenditure for housing). There is a special relation
to the areas of need approach with a carbon budget for individuals and households for ‘housing’. Hoxha et al. (2020)
applied almost the same approach to Kaya's equation for the calculation targets for Austrian context (Nakicenovi¢
& John 1991). Using a hybrid top-down, bottom-up approach, they found that the target for the GHGs are of the
range of 5.8 kg CO,e/m2yr, comprising 4 kg CO,e/myr and 1.8 kg CO,e/m~yr for embodied and operational impacts,
respectively.

Similar efforts have also been done to propose climate targets for commercial buildings (Hoxha et al. 2016; Russell-
Smith et al. 2015). For example, Russell-Smith et al. (2015) estimated a target of 2.29 t CO,e/m? for the whole life-
cycle of a commercial building in the US, considering a 50-year lifetime. The target was based on the GHG emissions
projections in the IPCC Fourth Assessment Report, which recommended a 70-80% GHG emissions reduction below
1990 levels by 2050 in order for buildings to operate within the 2°C target.

4.5.2. Example illustrating different sharing principles

Andersen et al. (2020) investigated absolute environmental sustainability using two approaches: the carrying capacity
and the planetary boundaries. Planetary boundaries is a more precautionary approach and sets a lower environmental
boundary than the carrying capacity. As sharing principles is a matter of who has the right to impact how much, six
different sharing principles were applied to allocate the carrying capacity and planetary boundaries to a single-family
dwelling (Andersen et al. 2020). The sharing principles include approaches such as equal per capita, final consumption
expenditure, energy consumption and CO,e emissions. The sharing principles only represent the dwelling share and
not the share per m* However, the results have been converted here for comparison with other studies. Table 9 shows
how the carbon budget is highly dependent on the sharing principle chosen, varying from 0.67 to 8.84 kg CO,e/m2yr,
when the carrying capacity approach is used.

These different results highlight the diversity of approach and the difficulty to define one exact value. When the
different proposition for a single building are compared, one can observe a factor 10 between budgets. This is due to
all the different assumption possibilities all along the budget definition workflow. Considering the climate emergency
and the severe consequences of passing earth climate tipping point will have (Steffen et al. 2018), it is very problematic
to observe such large differences between countries, which have a relatively comparable level of development.
Furthermore, none of the presented budget consider the dynamic of emissions nor the need to first allocate a share of
the global budget to essential needs for emerging countries and assess afterward the remaining budget for other area
of less urgent needs. They rather adopt a contraction convergence or grandfathering approach, which is unfair (Caney
2009). These two aspects are briefly discussed in the next session.

5. Environmental targets beyond ‘2050’

5.1. Time conflicts for operation and embodied carbon budgets

Buildings are long-lasting artefacts. The buildings created today are expected to operate far beyond 2050 when buildings
will need to be net-zero emissions.

Current net-zero emissions buildings and standards fail to consider the dynamic of emissions. First, they usually focus
on compensating operation energy on a yearly basis, but a yearly calculation hides the hourly dynamic and fails to point
out the difficulty of daily (Barone et al. 2019) and seasonal storage (Kaufmann & Winnefeld 2019; Rostampour et al.
2019). The second failure is to consider embodied emissions on a yearly basis. Embodied emissions from construction
occur mainly in the first year of the building life time and (approximately 30 years later) when deep renovation are done
(Figure 4), while operational emissions occur every year at roughly the same rate. The current standard (SIA 2040:2017;
SIA 2017) that distributes emissions all along the life time of the building underestimates the peak of emissions which
will happen before 2050 exactly when emissions need to be reduced.
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Table 8: Relation between energy reference area (A ) and living space per resident and the target values for the budget
per capita and year based on the global target of 1t CO,e/cap.yr).

Living space (m?) 60 52.5 45 375 30
A, per capita (m?) 80 70 60 50 40
Embodied GHG (kg CO,e/m*yr) 34 3.89 45 5.4 6.8
Operational GHG (kg CO,e/m?yr) 11 1.26 15 1.8 22
Total GHG per m* (kg CO,e/m?yr) 4.5 5.14 6 72 9
Total GHG per capita (kg CO,e/yr) 360 360 360 360 360

Table 9: Annual carbon budget per m? building (kg CO,e/m?yr) based on the carrying capacity approach for six
different sharing principles (SP).
SP1 SP2 SP3 SP4 SP5 SP6
Operational budget (kg CO,e/m’yr) ~ 0.19  0.47 03 247 104 117
Embodied budget (kg CO,e/m*yr) 0.48 122 077 636 268 3
Life-cycle budget (kg CO e/m’yr) 0.67 169 107 884 372 4.16

Note: Derived from results of a household living in a dwelling of 150 m? (Andersen et al. 2020). Sharing principle 1 (egalitarian + time
shared + final consumption expenditure); Sharing principle 2 (egalitarian + final consumption expenditure); Sharing principle 3
(egalitarian + grandfathering); Sharing principle 4 (grandfathering + energy); Sharing principle 5 (grandfathering + final consump-
tion expenditure); and Sharing principle 6 (final consumption expenditure).
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Figure 4: Comparison between operation emissions and embodied emissions for a standard new building according to
the 2000 Watt Society standard.
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As a consequence, operational emissions can be accounted over the full life-cycle of a building, but should be net
zero on an hourly basis in order to be compatible with energy standards post-2050 and construction emissions cannot
be allocated and spread over the full life-cycle. Embodied emissions should be counted within the remaining budget at
the point in time that they are emitted.

5.2. Carbon investments for enabling a transition

GHG emissions will be needed to build low carbon energy production plants (e.g. solar panels, wind turbines) and
it is important to avoid lock-in effects by exceeding the available carbon budget through the construction of such
infrastructure (Corvellec et al. 2013; Shakou et al. 2019). The contribution to indirect emissions of infrastructure is
generally higher than buildings due to a larger share per m? of carbon intensive materials, mainly cement, steel and
aluminium (Miiller et al. 2013). Miiller et al. (2013) estimate that a budget of 350 Gt of carbon is needed to develop the
infrastructure networks in the Global South. This represents already half the total available global budget for all human
activities if the 2°C target without negative emissions is considered (Table 1). Additional emissions are also to be
expected from developed countries where a large share of the existing infrastructure heritage needs to be rehabilitated
in the next decades (Hajiesmaeili et al. 2019; Vogel et al. 2009).

In Europe, the renovation of the building stock has been identified as the main keystone to achieve climate neutrality
by 2050. To meet this target, the energy efficiency of existing buildings should be increased by 75% by 2030 and the
renovation rate increased to 3%, at least (Sesana, Rivallain, & Salvalai 2020). Thus, a large amount of construction
materials, especially thermal insulation, will also be needed to improve the energy efficiency of the building stock
(Heeren & Hellweg 2018). If conventional fossil-based materials are used, their embodied carbon risks to consume
the remaining carbon budget for EU. However, if the demand of extra insulation were covered by bio-based solutions,
especially from fast-growing species (e.g. straw, hemp), buildings could act as carbon sinks, providing an extra budget to
be spent for the required energy transition and transformation of infrastructure (Pittau et al. 2019).

It is fundamental to reconsider all infrastructure projects in the light of their embodied emission level. Low-carbon
solutions should be privileged (Hajiesmaeili et al. 2019; Pittau et al. 2019) and a drastic reduction of the energy demand
is required to minimise the need for new infrastructure (Rovers 2019).

5.3. Beyond carbon

Finally, the focus on GHG emissions bears the risk of burden shifting. Beyond the climate crisis, there are many other
urgent environmental concerns (e.g. biodiversity loss, water scarcity) (IPBES 2019; Rockstrém et al. 2009). A shift towards
low-carbon materials and processes (e.g. from fossil to renewable energy) may reduce GHG emissions, but increase the
pressure on other environmental issues. For renewable energy, the pressure increases particularly on biodiversity, land and
water (Desing et al. 2019). Specific resources might become critical for a transition towards low carbon economy (de Koning
et al. 2018; Nansai et al. 2014). Reaching the climate target is therefore not sufficient to reach environmental sustainability.

6. Conclusions

The development of a multi-scale carbon budget for buildings is a key policy instrument because it will help the
different stakeholders involved all along the value chain of buildings construction and management as well as national
regulators to clearly identify their specific targets.

In order to be able to define such cross-sectorial and multi-scale carbon budget, much care is needed in defining
what constitutes the object of assessment. Buildings can have many different system boundaries depending on the
stakeholder’s viewpoint. Transparency along the different steps to define the operating budget is required. In particular,
it is fundamental to declare what is the global target chosen, how this global budget is shared among countries and
people, how this individual budget is then shared between economic sectors, area of activities and area of needs.

The examples presented in this paper show the feasibility of developing a carbon budget for buildings. However, a
similar object of assessment, (with similar overall logic for the budget definition and countries with globally similar
level of development) revealed a factor 10 between carbon budgets for single residential buildings. This shows the high
sensitivity of hypothesis on the budget definition and the need for clarity in definition and consistency of approach.
There are different solutions in place in specific countries—bottom up approach starting from technical and economic
feasibility or top down approach, starting from planetary boundary, specific sharing principles or different data sources,
among other reasons. Consensus on process is needed to narrow this gap.

Finally, it is clear that the remaining carbon budget should be used in priority to prepare the transition towards post
carbon society. Given a clear framework and process it is necessary to develop accurate budget definition. This will
enable the creation of equitable and context appropriate legally binding requirements to limit the greenhouse gas
(GHG) emissions in the life-cycle of buildings.®

Notes
' Approximately 50% of the steel production is used for buildings and infrastructure. The other 50% is mainly used
for automobile industry.
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2 The authors of this paper conducted an expert workshop in September 2019 in TU Graz (Passer et al. 2020).

3 Gross floor areas for New Zealand'’s newly built single-family detached house, medium-density house and apartment
are 198, 114, and 94 m?, respectively.

“ For a detailed description of these dwellings, see Chandrakumar et al. (2020b).

> The approaches used in the concept of 2000 Watt Society vision do not consider the potential changes of built
area over the years. SIA 2040 defines GHG targets for residential buildings based on a fixed value of 60 m? energy
reference area (A,) per capita, where A, is the gross floor area within the thermal building envelope (SIA 2015) and is
also used as reference unit for the calculation of the operational energy demand in Switzerland. According to Pfaffli
et al. (2012), a factor of 1.33 can be used to convert to useful floor area. This value matches the 45 m? of average
living space reported by the Swiss Federal Office for Statistics (BFS 2016) for 2016.

® A recent initiative called the ‘Graz Declaration for Climate Protection in the Built Environment’ (SBE19 2019)
provides guidance to researchers and policy-makers.
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Abstract: This paper deals with the problem that actual building regulations do not reflect the climate
targets set by the Paris Agreement. To address this, a benchmark was developed for greenhouse gas
(GHG) emissions of buildings on the basis of the Emissions Gap Report. We first applied an equal
allocation of the GHG emission limit for 2030 among the forecasted population to calculate a virtual
personal GHG emission limit. We took a proportion of this personal limit for the purpose of housing
and extrapolated it for the whole building based on the number of occupants. We also undertook
a case study of an actual multifamily residential building and compared its standard design to the
benchmark using a simplified life cycle assessment (LCA) method in line with the national SBToolCZ
method. The results showed that the assessed residential house exceeded the emission requirement
by a factor of 2.5. Based on the assessment, six sets of saving measures were proposed to reduce the
operational and embodied GHG emissions. The saving measures included change in temperature
zoning, improvement of the U-values of the building envelope, exchange of construction materials
for reduced embodied GHG emissions, exchange of heat source for biomass boiler, introduction of
light-emitting diode (LED) lighting, use of mechanical ventilation with heat recovery, addition of
vacuum solar collectors, and the addition of photovoltaic (PV) panels. Finally, the variants were
compared and their suitability in the Czech conditions was examined.

Keywords: buildings; greenhouse gases; climate change; design stage; residential housing;
benchmarks; Paris Agreement; emission gap; simplified life cycle assessment; Czechia; Central Europe

1. Introduction

Climate change is one of the greatest challenges facing humankind. The amount of greenhouse
gas (GHG) emissions that society releases into the atmosphere has to be reduced significantly and
quickly. Otherwise, there is a risk of unprecedented changes in the atmosphere and consequently in
the biosphere and the living conditions for people [1]. Bold actions are therefore needed across all
scales and areas of human activities [2,3].

The construction sector, together with the operation of the existing building stock, is a significant
emitter of GHG emissions. According to the European Commission, buildings are responsible
for approximately 40% of energy consumption and 36% of CO, emissions in the European Union
(EU) [4]. At the same time, the potential for delivering significant and cost-effective reductions of
GHG emissions in buildings is the highest [5]. To unleash this potential, the EU has implemented the
Energy Performance of Buildings Directive (EPBD), which prescribes the energy efficiency levels for
new buildings and renovations. The directive has been a significant impetus for recent improvements
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in energy efficiency of newly designed buildings and retrofitting. However, in the light of climate goals
and actions needed to achieve carbon neutrality around 2050, this improvement is still not sufficient.
The main problem with the directive is that the performance levels for buildings were set applying a
bottom-up approach by tightening the energy efficiency benchmarks that were in place before. The
requirement to move towards the climatic goals set by the Paris Agreement [6] is therefore not ensured.

A body of literature has investigated paths to the low- or zero-emission (or carbon-neutral)
operation of the building stock of various countries. In 2007, Boardman [7] looked at measures that
would reduce the GHG emissions of the UK building stock by 60%. Koo etal. [8] developed an integrated,
multiobjective optimization model for establishing a low-carbon scenario to achieve the national carbon
emission reduction target for South Korea's residential building sector. Biirger et al. [9,10] investigated
the German building stock and its possible pathways to zero-carbon operation by 2050. LupiSek [11]
reviewed proposed deep energy retrofitting scenarios of the Czech building stock and compared the
resulting GHG emission savings with the national carbon budget.

There are studies available that optimize the building design in order to significantly reduce
the energy demand and related GHG emissions [12] as well as papers that propose ways to design
zero-emission buildings [13,14]. This might already be feasible in some locations or specific boundary
conditions, but it is not yet the case for the regular construction market. Therefore, benchmarks using a
top-down approach that come from the planetary boundaries [15,16] (or carbon budget) to individual
buildings need to be derived and tested in real cases so that policymakers can integrate them into
national regulatory systems.

This proposal is not new, with benchmarks for construction in Switzerland already being proposed
by Zimmermann et al. back in 2005 [17]. However, the problem has gained traction with the increasing
focus on climate change. Hoxha [18] followed it up in 2016, and resolving this issue is now one of the
main objectives of the ongoing “Annex 72: Assessing life cycle related environmental impacts caused by
buildings” of the International Energy Agency’s Energy in Buildings and Communities Programme [19].
Hollberg et al. [16] combined the top-down approach, deriving climate benchmarks from the Paris
Agreement, with a bottom-up approach based on statistics to create a tool for the optimization of
embodied GHG emission in the early building design stages. The topic was discussed in June 2019
at the 71st LCA Forum [20], and it was one of the intensively discussed topics of the Sustainable
Built Environment D-A-CH Conference 2019 in Graz. One of the keynote speakers, Head of the
Department of Building, Construction Industry and Federal Buildings at the German Federal Ministry
of the Interior, Building and Community, Fehn Krestas, mentioned that the German climate sector
goals “could be interpreted as the remaining CO2-eq. budget for real estate utilization” [21]. Later
on, Chandrakumar et al. [22] introduced top-down targets for New Zealand, and Hollberg et al. [23]
showed how to utilize the carbon budget in decision-making in the building design process.

Such a study has been missing for the conditions of Czechia so far, so the main objective of the
work presented in this paper was to (i) draft a benchmark in terms of GHG emissions for new buildings,
focusing on residential buildings as the largest building segment; (ii) make a case study to compare
usual building design with the benchmark; (iii) draft design improvements leading to compliance
with the set benchmark; and (iv) evaluate whether the levels of GHG emissions required to fulfill the
targets set by the Paris Agreement are workable in the Czech conditions or whether they represent
improvements to building design that are too radical and more systemic changes are thus needed in
the way we design and construct residential buildings nowadays.

The main contributions of this paper are as follows: (i) promoting the actual idea that some kind
of GHG benchmarks at a building level will be needed in the very near future if states want to achieve
the climate goals set by the Paris Agreement; (ii) providing an example of how these benchmarks can
be set; (iii) presenting a case study showing how we can work with the GHG goals in Czechia; and
(iv) discussing how a typical design of a multifamily residential building can be modified to meet the
2030 targets.
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This article is based on an MSc thesis by David Palensky [24], where more details can be found
(publicly available but in Czech language only).

2. Materials and Methods

This section describes the setting of the benchmark, the building selected for the case study, the
boundary conditions, the procedure of evaluation of the original building design, and the strategy

applied to design improvements to comply with the benchmark.

2.1. Setting the Benchmark

As described in the introduction, the objective of the work was to draft a top-down benchmark
that would reflect the global GHG emission targets set by the Paris Agreement. As a starting step, we
worked with the Emissions Gap Report 2018 (EGR) [25], which dealt with various scenarios of future
development of global GHG emissions. It set maximum amounts of global GHG emissions that can be
emitted in 2030 so that the rise of the global mean surface temperature still stays below the 2 or 1.5
°C target compared to the preindustrial era. In Table 3.1 on page 19, the EGR states the maximum
global amount of GHG emissions in 2030 as 40 Gt CO2, for the 2 °C target and only 24 Gt CO2, to stay
below 1.5 °C temperature rise (both with 66% chance), which represents a reduction by approximately
one-quarter and more than one-half, respectively, compared to annual GHG emissions.

In order to set the benchmark, the 2030 emissions from the global figure needed to be allocated to
individual buildings in Czechia. Debate surrounding which allocation principles of carbon budget
or emission allowances should be applied to ensure fairness or which burden-sharing mechanisms
should be applied is still ongoing [26-29]. For the purpose of this work, we used equal per capita
distribution using the forecast of the world population in 2030 [30]. Once we divided the 2030 annual
allowances, i.e., 40 and 24 Gt CO,,, by the forecasted population of 8.55 billion, we got the personal
annual allowances of 4.68 and 2.81 t CO»,, per capita, respectively.

Finally, as a proxy, we used a figure of 23.35%, which represented an estimated share of the
residential building stock on the national CO; emissions in 2014 [31] (the calculation behind the figure
is presented in [11], which updated the figures slightly for 2015). By multiplying the personal allowance
by 23.35%, we arrived at an annual personal 2030 allowance for housing of 1.09 t CO,, for the 2 °C
target and 0.66 t for the 1.5 °C target, which could then be extrapolated to an allowance for a residential
building by multiplying the figures by the planned number of building occupants.

2.2. Description of the Case Study Building

The building taken for the purpose of this case study was a four-storey residential building with
a single rectangular shape and flat roof (see Figures 1-3). The total net floor area of the building
was 1045 m?, and it had 11 flats for 26 occupants in the above-ground floors; the total volume of the
building calculated from the external dimensions was 3572 m®. The ground floor housed a technical
room, parking lots, and storage rooms for flats.

The original design, which represented the common standard for new apartment buildings in the
Czech market, had a structural masonry wall made of ceramic hollow brick blocks and floor structures
made of 230 mm thick ceramic panels. The structure of the double roof with a ventilated cavity was
made from massive timber elements. The indoor partition walls were made of hollow bricks and
plaster. The structures of staircases were made from reinforced concrete, and the structures of balconies
were made of steel. The external walls were insulated by 160 mm thick external thermal insulation
composite system made of expanded polystyrene with thin external plaster, and the roof was insulated
by 260 mm of glass wool within the timber structure. The mean U-value was 0.47 W/m?K.
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Figure 1. The case study building. Design and visualization by Jan RaZicka.
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Figure 2. Layout of a typical floor (dimensions in mm).

The heating system consisted of a condensing gas boiler, which heated a central storage tank with
a capacity of 750 L, and was coupled with a two-pipe counterflow heat distribution system with panel
radiators. The overall ventilation concept was based on natural ventilation, and vacuum ventilation
was installed only in rooms with the largest production of pollutants, such as the toilet, bathroom,
and kitchen. The air supply was provided by ventilation slots in the windows and peripheral walls.
Cooling was not needed.
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Figure 3. Layout of the ground floor (dimensions in mm).

2.3. Calculation Method for GHG Emissions and Boundary Conditions

For the purpose of this study, we applied a method described in the assessment guidelines of the
national sustainability certification scheme SBToolCZ for residential buildings [32,33]. The indicator
E.02 global warming potential defines a calculation procedure of the total annual CO,, emissions that
comes from a simplified life cycle assessment (LCA) that includes annual operational emissions as well
as annualized embodied emissions from life cycle stages A1-A3 and B4. The specific embodied GHG
emissions were taken from the ecoinvent database.

The operational emissions of GHG were calculated on the basis of energy modeling and simulations,
and the emission factors were determined from the calculated energy consumption and energy carriers.
The energy modeling was made using the Czech software Energie 2017 by SVOBODA SOFTWARE
according to the national methodology of the Ministry of Industry and Trade Decree No. 78/2013
Coll., which provides a monthly calculation method for energy demand in line with the national
standard CSN 730540-2 and international standards EN ISO 13790, EN ISO 13789, and EN ISO 13370.
It includes energy consumption for heating, ventilation, air conditioning, preparation of domestic hot
water (DHW), lighting, and auxiliary energy. Consumption of home appliances was not included in
the calculation. The production of the energy from the solar collectors was calculated by method B
from EN 15316-4-3.

Czechia has an eastern continental climate with cold winters and hot, dry summers. The energy
demand for heating was calculated using the monthly average temperatures. The values of total solar
irradiation were used for the calculation of the solar gains. Both temperatures and irradiations were
taken from the national standard CSN 73 0331-1 and represented country average data (see Table 1).

The indoor temperature for the living areas was considered as 21 °C. The staircase with adjacent
corridors was not considered as heated, but as it gained heat from the apartments, the considered
temperature was 16 °C. The ground level with garages was not heated at all and had insulated ceiling;
the temperature for this zone was considered 5 °C.

For ventilation, rates of 0.3 h™! (455 m3/h of fresh air for the whole building) were used. For
mechanical ventilation, the calculated efficiency of the heat recovery was 77%. The indoor heat gains
from occupants were considered as 2.0 W/m? (70% of time) and from appliances as 3.0 W/m? (20% of
time). Specific energy consumption for lighting in the base variant was 4.4 kWh/m?, and the figure
was 1.9 kWh/m? in the improved variants considering light-emitting diode (LED) lighting.
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Table 1. External temperatures and total solar irradiations used for the calculation of energy demand
for heating in each month (months 1-12 are January-December, respectively).

Month 1 2 3 4 5 6 7 8 9 10 11 12
No. of days (-) 31 28 31 30 31 30 31 31 30 31 30 31
Ext. temp. (°C) -1.3 -01 3.7 8.1 133 16.1 18.0 17.9 135 8.3 32 0.5

Irr. north (M]/mz) 29.5 48.2 91.1 129.6 176.8 186.5 184.7 152.6 103.7 67.0 33.8 216
Irr. south (M]J/m?) 1231 1840 267.8 3085 3132 2722 2812 3456 280.1 2678 1634 1044
Irr. east (M]J/m?) 50.8 91.8 1688 267.1 3132 3240 3028 2894 1919 1393 648 403
Irr. west (MJ/m?) 50.8 91.8 1688 267.1 3132 3240 3028 2894 1919 1393 648 403
Irr. horizon (MJ/m?) 749 1332 2599 4097 5357 5263 5195 4903 3136 2034 907 53.6

The calculation of the energy for DHW preparation was considered as 35.0 L per person and day,
which totaled 332.2 m? of the DHW per year (heated from 10 to 55 °C). Auxiliary energy included
the energy of pumps and monitoring and control systems of the heating system. The gas condensing
boiler and the pellet boiler had a calculated efficiency of 95% and 86%, respectively.

The emission factors for the energy carriers were taken from the SBToolCZ assessment
guidelines [32]: electricity 207.4 g CO,,/MJ, natural gas 87.1 g CO»,/MJ, and wood pellets 9.2 g
CO2,/M] (in Czechia, biomass from wood waste is regarded as renewable source of energy, fulfilling
the carbon neutrality criteria by the Intergovernmental Panel on Climate Change (IPCC)).

The basis of the evaluation of embodied GHG emission was a compilation of the bill of quantities
of major building elements. Values of GHG emissions for the materials and building products used
were obtained from the catalogue of physical and environmental profiles of construction elements
for new buildings and reconstructions (envimat.cz) [34]. In line with the assessment guidelines, the
following elements were included in the calculations:

foundation,

waterproofing layers,

compacted fill, backfill material (imported from the place outside the building),
vertical and horizontal construction elements, including overhanging structures,
roof construction,

roof deck,

staircase,

railing,

internal partitions,

nonbearing cladding,

finishes,

final floor covering,

windows and doors,

thermal and acoustic insulation.

On the other hand, small finishing elements (laths, metal elements, handles, and others) and
building service systems were not included.

The reference study period for the simplified LCA was 50 years, and the modeled service lives
of the building elements followed the recommendations listed in the assessment guidelines for each
category of materials or products. At the end of the calculation, all embodied emissions were summed
up and divided by 50 years to get the annualized embodied value.
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3. Results

3.1. GHG Emissions of the Case Study Building Designed in the Usual Fashion

The calculated total annual energy consumption of the case study building designed in the usual
fashion was 101.7 MWh. More than two-thirds of the energy was used for heating (69.9 MWh/a),
slightly more than one-quarter was used for preparation of DHW (28.4 MWh/a), 2.8 MWh/a was
used for lighting, and 0.6 MWh/a was used for auxiliary energy consumption. Most of the modeled
energy consumption was delivered by natural gas (98.3 MWh/a), and only 3.4 MWh/a was supplied
in electricity.

3.2. Measures Proposed to Reduce GHG Emissions of the Initial Design
The following measures were proposed to reduce embodied and operational GHG emissions:

e M1: Change in temperature zoning—nonresidential premises converted to unheated or
only semiheated.

e  M2a: Reduction of heat losses—thermal insulation of external structure based on the U-values
required for passive houses by CSN 730540 (external walls 0.18 W/m?K, roof 0.15 W/m2K, windows
0.71 W/m?K, doors 1.50 W/m?K), optimization of thermal couplings (0.02 W/m?K).

e  M2b: Reduction of heat losses—thermal insulation of external structure based on the U-values
recommended for passive houses by CSN 730540 (external walls 0.12 W/m2K, roof 0.10 W/m2K,
windows 0.55 W/m?K, doors 1.50 W/m?K), maximum optimization of thermal couplings (0.02
W/m?K).

e Ms3a: Reduction of embodied emissions—choice of environmentally friendly products and
materials (sand-lime bricks for wall structures and reinforced concrete prestressed hollow panels
for ceiling structures).

e Ms3b: Reduction of embodied emissions—choice of environmentally friendly products and
materials (timber structure: two-by-four system).

e M4: Low-emission heat—choice of low-emission source/energy carrier (wood biomass boiler).

e MS5: Lighting—installation of energy-saving fluorescent and LED luminaires.

e  Mé6: Mechanical ventilation with heat recovery (efficiency 77%)—reduction of heat losses by
ventilation, utilization of waste heat.

e  M?7: Vacuum solar collectors—use of solar energy for preheating of DHW (80 m?).

e Ms8a: Photovoltaic panels—use of solar energy to cover electricity demand (30 m?), 5.4 kWp,
system efficiency 15%, south-facing 35°.

e  Ms8b: Photovoltaic panels—use of solar energy to cover electricity demand (50 m?), 9.0 KWp,
system efficiency 15%, south-facing 35°.

3.3. Variant Sets of the Improvement Measures

The following six variant sets of the improvement measures were designed (a summary of the
sets is provided in Table 2):

e S1 (M1, M4, M5): S1 was a combination of basic measures with minimum changes in the
functioning of the building or changes in the design (biomass boiler, efficient LED lighting, and
decrease of the internal temperature in the main corridors). The measures were aimed at reducing
the amount of operational GHG emissions.

e S2 (M1, M3a, M4, M5, M7): S2 complemented the previous option S1, with an emphasis on
reducing the share of embodied GHG emissions using a construction system in the form of
sand-lime bricks for wall structures and reinforced concrete prestressed cavity panels for ceiling
structures. The variant was also supplemented by a system of vacuum solar collectors used for
the preparation of DHW (80 m?, south facing 35°, combined with accumulation tank 4500 L).
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e  S3 (M1, M2a, M3b, M4, M5, M6, M7): S3 combined the proposed measures with an emphasis on the
low-energy performance of the building. All constructions met the required heat transfer coefficient
values for passive buildings; thermal couplings and bridges were optimized to minimum values.
The technical systems were supplemented by a forced equilibrium ventilation system with heat
recovery. The construction system was newly designed as a timber building in a two-by-four
system in the form of a prefabricated wooden frame filled with thermal insulation. The ceiling
construction was a wooden beamed ceiling.

e S4 (M1, M2a, M3b, M4, M5, M6, M7, M8a): S4 was based on a combination of the measures
mentioned in S3. In addition, a system of photovoltaic panels was used for reducing electricity
consumption that would be increased by forced ventilation systems and solar collector pumps.

e S5(M1, M2a, M3b, M4, M6, M7, M8a): S5 was based on a combination of the measures mentioned
in 54, with the difference that the heat source was the original gas condensing boiler.

e S6 (M1, M2b, M3b, M5, M6, M7, M8b): S6 was built on S5 to meet the emission requirement while
maintaining the original heat source in the form of a gas condensing boiler (S5 did not meet the
emission requirement). The combination of measures was based on S5 with a few fundamental
differences. The envelope structures were designed for the lowest values of the recommended
values Up,s 2o for passive buildings according to CSN 73 0540-2. The thermal couplings were
reduced as much as possible. The photovoltaic (PV) modules were used to cover the consumption
of electrical energy for the operation of forced ventilation, auxiliary energy, lighting, and parts
of the hot water production. The surpluses were fed to the energy grid (although we did not
consider these surpluses in the operating emission balance). Compared to the previous variants,
the total area of the panels increased to 50 m?.

Table 2. Overview of the six sets of greenhouse gas (GHG) emission-saving measures.

Original State ~ S1 S2 S3 S4 S5 S6

GHG Emission-Saving Measures
M1 Change in temperature zoning v v v v v v
M2a U-values required for passive housing

<
<
<
A

M2b U-values recommended for passive housing

M3a Sand-lime bricks, prestressed concrete floor structures v
M3b Timber structure v v v v
M4 Biomass boiler v v v v

M5 LED lighting v v v v v v

M6 Mechanical ventilation with heat recovery v v v v

M7 Vacuum solar collectors 80 m? v v v v v

M8a PV panels 5.4 kWp, 30 m® v v
M8a PV panels 9.0 kWp, 80 m? v
U-Values of the Building Envelope (W/m?K)

External wall (heated area) 027 027 027 018 018 018 012
External wall (unheated area) 0.62 062 062 038 038 038 038
External wall—plinth (unheated area) 0.57 057 057 038 038 038 038
Floor above unheated ground floor 0.57 0.57 057 038 038 038 0.16
Floor on the ground 0.56 056 056 045 045 045 045
Roof 021 021 021 015 015 015 010
Windows 1.50 150 150 o071 071 071 055
Entrance door 350 350 350 150 150 150 150
Overhead doors (garages) 3.50 3.50 3.50 1.50 150 1.50 150

Thermal couplings 0.05 0.05 0.05 0.02 0.02 002  0.00
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3.4. GHG Emissions of the Proposed Variants

A breakdown of the embodied emissions and the modeled energy consumption and GHG
emissions of the proposed sets are summarized in Table 3.

Table 3. Modeled embodied GHG emissions, energy consumptions, and GHG emissions of the original
building (business as usual) and proposed sets of improvements S1-S6.

Original State ~ S1 S2 S3 S4 S5 S6
Embodied GHG Emissions (t COg)

Foundations 58.1 581 581 646 646 646 646
External walls 64.9 649 630 333 333 333 371
Internal walls 52.0 520 416 135 135 135 135

Horizontal structures 216.2 216.2 1562  99.0 99.0 99.0  103.1
Other components 324 324 324 691 69.1 69.1 691
Total 423.5 4235 3512 2795 2795 2795 2874
Annual Energy Consumption (MWh/a)
Heating 69.9 807 807 386 386 341 166
Domestic hot water 28.4 313 293 293 293 277 277
Vacuum solar collectors 0.0 00 =123 -123 -123 -125 -123
Mechanical ventilation 0.0 0.0 0.0 15 15 15 1.5
Lighting 238 1.8 1.8 1.8 1.8 1.8 1.8
Photovoltaic panels 0.0 0.0 0.0 0.0 -32 =32 -74
Auxiliary energy 0.6 0.4 0.8 0.8 0.8 0.8 0.7
Total 101.7 114.2 1003  59.7 56.5 50.2 28.6
Operational GHG emissions 33.36 535 557 530 325 1687 1045
(t COne/a) . . : . . . .
Annualized embodied GHG
emissions (t COz/a) 8.47 847 7.02 559 559 559 575
Total annual GHG emissions 418 138 126 109 88 225 162
(t COzc/a)
Compliance with target 28.3 t
COy./a (target 2.0 °C) N v v v v Vv ¥
Compliance with target 17.2 t
COgefa (target 1.5 °C) N v v v v X v

Set S1 included replacement of the condensation gas boiler with a biomass boiler, installation of
efficient LED lighting, and reduction in the internal temperature in the main corridors. These measures
contributed to a significant drop in the operational GHG emissions due to savings in electricity
consumption and the low-emission factor of the biomass, i.e., 9.2 g CO,,/M] (compared to the electricity
emission factor 207.4 g CO,,/M]). On the other hand, it increased the total consumption of energy
due to the reduced energy efficiency of the boiler (pellet boiler 86%, original gas boiler 95%), the
efficiency of heat distribution (pellet boiler 85%, original gas boiler 98%), and reduced internal heat
gains from lighting.

Set S2 built upon S1 and reduced embodied GHG emissions by replacing the structural wall
material made of standard brick blocks to sand-lime bricks and prestressed hollow concrete panels.
The achieved reduction was 72.3 t CO3.. This set also benefited from the addition of the vacuum solar
collectors, which delivered 12.3 MWh of clean energy.
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Set S3 combined the measures applied in S2 with significant improvement in the U-values of
the building envelope, the addition of mechanical ventilation with heat recovery, and use of timber
structure for construction. The improved U-values led to a significant reduction of heat consumption,
while the introduction of mechanical ventilation caused a significant increase in the consumption of
electricity, which resulted in high operational GHG emissions due to the high emission factor. The
transformation of the design to a timber structure reduced the total embodied GHG emissions by
another 71.7 t COg.

Set 54 was similar to S3 but also took advantage of the PV system (5.3 kWp), which delivered an
additional 3.2 MWh of clean electricity. Thus, it enabled the reduction of operational GHG emissions
by 2.05 t COy,.

Set S5 was a reaction to a situation where a biomass boiler could not be used due to local particular
matter emission regulation. It had all the features of S4 but used gas condensing boiler instead of
pellet boiler. In this variant, the building was compliant with the 2 °C emission target but not with the
1.5 °C target.

Set S6 included measures that were needed to achieve the 1.5 °C emission target, i.e., further
improvement of the U-values of the building envelope and further extension of the PV system, which
achieved the limits of the roof surface area. As a result, the operational emissions decreased to 10.45 t
COpy,, which enabled achievement of the target.

4. Discussion

4.1. GHG Benchmarks for Buildings

In an ideal world, GHG benchmarks would not be needed because all environmental externalities
of human activities would be included in the price of every product so that consumers and investors
get price signals that signify behavior that is favorable for society. Another solution would be a global
carbon tax or global emission trading scheme that would include human activities and thus modify
the economic system in such a way that only sustainable behavior is profitable. However, at present,
this is not happening in the world. Therefore, we need some kind of regulation for the building sector,
and such regulation could be based on GHG benchmarks.

The presented GHG benchmark for residential buildings suffered from various simplifications,
imperfections, and uncertainties. The main simplification lies in the fact that we used an equal
allocation of the remaining carbon budget (and thus allowance for annual GHG emissions). As
mentioned in the introduction, the debate around which kind of allocation should be used is still
ongoing, and the preferred allocation principle might be revised in the future in either direction. The
carbon budget allocated to people living in Czechia might be greater because our current per capita
is high, and reducing it massively in just a few years would cause a shock. However, it might also
be lower because Czechia (and former Bohemia within the Austrian Empire and Czechoslovakia)
has been a highly industrialized country since the beginning of the 20th century, so the country has
historically contributed to climate change relatively more than developing countries, which should
have the right to develop. The result of this debate remains to be seen, and therefore we opted for
equal per capita allocation.

Another source of uncertainty is in the remaining carbon budget itself as it changes over time,
and the pace of its depletion is variable. Knowledge of climate change also evolves over time, and
continuous adjustments would be needed.

There is also uncertainty related to the share of the Czech residential building stock in the total
national emissions as the underlying study was based on an estimation based on a model of the Czech
building stock that suffers from uncertainties. Furthermore, total national emissions are statistical
figures that suffer from some level of uncertainty.
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However, even given these uncertainties, we still believe that the exercise was worthwhile because
it highlighted the huge gap between the common building design of the construction practice and the
practice that needs to be adopted to achieve climate goals.

4.2. Uncertainties in the Case Study

The case study suffered from standard uncertainties of a simplified LCA: uncertainties in the
underlying data on materials, emission factors, modeled scenarios, approach to annualization of
embodied emissions based on the reference study period as well as uncertainties related to energy
modeling using the monthly method.

The calculation of the energy balance of the photovoltaic system and its usability was simplified.
For more accurate calculations, it would be necessary to use specialized software with regard to the
surplus electricity generated from the PV, which was fed back to the energy grid. When a more detailed
simulation is made, the question arises as to whether or not emission balance is to be considered and
which emission factor is to be applied (real energy mix and, thus, the emission factor varies in time).

The energy rating of the building did not include the consumption of electricity for standard and
nonstandard appliances. Due to the high emission factor of electricity in Czechia, this consumption
can have a significant impact on the value of the total operational emissions.

4.3. Applicability of the GHG Emission Reduction Strategies from the Case Study

The applied GHG emission reduction strategies followed two principles: providing energy from
sources with a low emission factor and reducing energy consumption. Therefore, we first tried to make
minimum changes to the original design, simply swapping the gas boiler for the pellet boiler. In terms
of GHG emissions, this would help a lot (given that there is a sustainable source of wood). However,
the pellet boiler has reduced efficiency, which would lead to increased energy consumption. At the
same time, in many Czech municipalities, there is problem with air pollution. Therefore, installing
pellet boilers, a particular source of pollution, would not even be allowed. Therefore, we set up
the other sets of measures, which would be widely applicable but would represent more significant
changes to the design of a building. Even these variants might suffer from another kind of limitation.
In some locations, large PV systems with limited grid capacity would not be allowed to be connected
to the grid, and some kind of on-site electricity accumulation would therefore be needed.

Furthermore, in the study, when proposing the variant sets of measures, some of the properties of
the original building were not fully considered—for instance, fire resistance or acoustic parameters of
the proposed solutions were not calculated or compared to the building in its original state.

5. Conclusions

This paper presented a possible approach to the application of top-down GHG emission
benchmarks on residential buildings in Czechia set on the basis of the Emissions Gap Report,
equal allocation of limits to GHG emissions for 2030 among the forecasted population, and the share of
residential buildings on national emissions.

An actual design of a multifamily residential building was used to compare GHG emissions
from a common building design to the benchmark using a simplified LCA method in line with the
national SBToolCZ method. The results showed that the assessed residential house designed in a
standard fashion exceeded the emission limit by a factor of 2.5. Based on the assessment, six sets of
saving measures were proposed to reduce the operational and embodied GHG emissions. The saving
measures included change in temperature zoning, improvement of U-values of the building envelope,
exchange of construction materials for reduced embodied GHG emissions, exchange of heat source for
biomass boiler, introduction of LED lighting, use of mechanical ventilation with heat recovery, addition
of vacuum solar collectors, and the addition of PV panels. Finally, the variants were compared and
their suitability in the Czech conditions was examined.
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The presented principles are applicable to situations in other countries as well, even though there
are still many sources of uncertainties.
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