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ABSTRAKT

Habilita¢ni prace shrnuje dosavadni vyzkumné aktivity autora. Pfedmétem jeho vyzkumu je
vyvoj puavodnich piistupii a nastroji pro podporu rozhodovani a planovani v oblasti
odpadového a ob&hového hospodaistvi. Jedna se o dynamicky vyvijejici se oblasti, které
V soucasnosti prochazi fadou zmén vyvolanych milniky ukotvenymi v legislativé na urovni
CR i EU. S ohledem na komplexnost problematiky je zddouci opirat strategické a operativni
rozhodovani o sofistikované pfistupy. Vyuziti pfedstavenych matematickych modeli
zalozenych na metodach opera¢niho vyzkumu pfispéje k efektivnimu a udrzitelnému
planovani nakladani s odpady sohledem na cely zpracovatelsky fetézec. V praci je
zduraznén vyznam piipravy dat a jejich statistické zpracovani pro nasledné vyuziti pii
planovani odpadového hospodaistvi. Vyzkumné aktivity zaméfené na praci s daty byly
promitnuty do nové vzniklych metodik a dokumentti navrhujicich postupy v oblastech
zpracovani dat a tvorby prognoz. Stézejni vyzkumnou aktivitou autora je tvorba
optimalizacnich modelti, které jsou nasledné aplikovany na jednotlivé prvky celého
zpracovatelského fetézce pro rizné typy odpadu. Pro zajisténi $ir§iho dopadu do komer¢ni
sféry jsou modely implementovany do softwarovych nastroji. Konkrétné se jedna o nastroj
REVEDATO pro rekonstrukci a modelovani dat v rdmci monitoringu v odpadovém
hospodafstvi; TIRAMISO pro tvorbu progndz a projekci produkce a nakladani s odpady;
NERUDA pro vyhodnoceni zpracovatelské infrastruktury, dostupnosti odpadu a svozovych
oblasti a POPELKA pro tvorbu planu meziobecniho svozu odpadu a obecni sbérné
infrastruktury.

KLICOVA SLOVA

obchové hospodafstvi, progndézy a projekce, matematické modely, REVEDATO,
TIRAMISO, NERUDA, POPELKA



ABSTRACT

The habilitation thesis describes the author's research activities. The subject of his research
is the development of original approaches and tools to support decision-making and planning
in the field of waste management and circular economy. These are dynamically developing
areas that are currently undergoing a series of changes triggered by milestones anchored in
legislation at the level of the Czech Republic and the EU. Considering the complexity of the
issue, it is desirable to base strategic and operational decision-making on sophisticated
approaches. The use of presented mathematical models based on operational research
methods will contribute to efficient and sustainable planning of waste management with
respect to the entire treatment chain. The work emphasizes the importance of data
preparation and their statistical processing for their subsequent use in waste management
planning. These research activities are reflected in newly created methodologies and
documents proposing procedures in the areas of data processing and forecasting. The
author's core research activity is the creation of optimization models, which are subsequently
applied to individual elements of the entire processing chain for different types of waste. To
ensure a wider impact in the commercial sphere, the models are implemented in software
tools. Specifically, it is the REVEDATO tool for the reconstruction and modelling of data
as part of monitoring in waste management; TIRAMISO for creating forecasts and
projections of production and waste management; NERUDA for the evaluation of the
processing infrastructure, the availability of waste and collection areas and POPELKA for
the creation of a plan for inter-municipal waste collection and municipal collection
infrastructure.

KEYWORDS

circular economy, forecasts and projections, mathematical models, REVEDATO,
TIRAMISO, NERUDA, POPELKA
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1 CIL PRACE

Cilem této habilitacni prace je piedstaveni podpiirnych pfistupii a nastroji pro planovani
v oblasti odpadového hospodarstvi (OH) a obéhového hospodarstvi (ObH), kterym se autor
vénoval v ramci své vyzkumné c¢innosti. Uvedené pfistupy jsou zalozeny na metodach
operac¢niho vyzkumu a rozsifuji vyzkumny potencial v této oblasti. Druhotnym vystupem
autorovy vyzkumné prace je pfimy dopad na tvorbu strategickych dokumentut pro efektivni
nakladani s odpady Vv podminkach CR, popf. vramci EU. Piedlozené vystupy jsou
vysledkem ¢&innosti tymu pod vedenim autora této prace na Ustavu procesniho inZzenyrstvi
(UPI) Fakulty strojniho inzenyrstvi (FSI) Vysokého uéeni technického v Brné (VUT). Autor
soucasné koordinuje mezisektorovou spolupréci s vybranymi zaméstnanci a studenty Ustavu
matematiky a Ustavu automatizace a informatiky FSI VUT v podobé& vedeni zavére¢nych
praci vSech stupnt studia, realizace vyzkumnych projektii a vyvoje komercnich aplikaci.

Tato habilita¢ni prace je koncipovana jako ptehled hlavnich vystupt vyzkumné ¢innosti.
Detailni popis modeltl a ptipadovych studii je k dispozici v odkazované literatute, ktera je
roz¢lenéna do nésledujicich skupin podle typu reference:

P — Strategické projekty s ucasti autora a vystupy téchto projekti.

A — Reference autora citované v praci.

B — Ostatni reference citované v praci.

Z — Zavérecné prace, vnichz byl autor Skolitelem, Skolitelem specialistou nebo
konzultantem.

Soucasti tohoto textu jsou reprinty publikaci autora publikované v piednich impaktovanych
Casopisech (Ptiloha 1 az Ptiloha 9).

Vyznamny je také ptinos v oblasti vzdélavani, kdy je rozvijen systém uplatnéni znalosti
studentii a absolventi Ustavu matematiky pro feSeni praktickych tiloh a problémii.
Vysledkem jsou prakticky pouzitelné vypoctové nastroje s vyssi pfidanou hodnotou, které
se dafi aplikovat pfi feSeni zakdzek smluvniho vyzkumu a hospodaiské ¢innosti.
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2 UVOD A MOTIVACE

V oblasti OH a ObH realizuje EU kroky pro efektivnéjsi vyuzivani potencialu v odpadech a
tim vytvofeni udrzitelného systému S jejich nakladanim. Preferované zpisoby nakladani
s odpady jsou stanoveny Vv Hierarchii nakladani s odpady (Smérnice 2008/98/ES) [B1].
Konkrétni milniky EU jsou ukotveny v legislativé v tzv. Balicku obéhového hospodarstvi
(CEP — Circular economy package). Z pohledu komunalniho odpadu (KO) jsou zasadni
smérnice uvedeny V tab. 1.

Tab. 1: Milniky pro naklddani s komundinim odpadem zahrnuté v Balicku obéhového hospodarstvi

Zdroj Odpadovy proud 2025 2030 2035

Smérnice EU

s 0 . .
2018/851; [B2] Komunalni odpad 55% 60% 65 %

Obaly 65% 70%

Obalovy papir 5% 85%
Recyklace Obalové plasty 50% 55%
(minimum) Smérnice EU  Obalové sklo 70% 75%

2018/852; [B3] Obal . lermoch
aoy ze zeleznyc 20% 80 %

kovu

Obalovy hlinik 50% 60 %

Obalové dievo 25% 30%
Skladkovani Smeérnice EU 1 0
(maximum) 2018/850; [B4] <omunélni odpad 10%

Omezeni produkce ~ Smérnice EU

L . .
(minimum) 2018/851; [B2] <uchyfsky odpad  30% 50 %

Clenské staty EU zavadéji legislativni zmény vedouci ke splnéni uvedenych cili EU. Je
nutné upravit stavajici systémy OH tak, aby bylo mozné stanovené cile splnit. Modernizace
infrastruktury pro sbér a nakladani s odpady vychazi z vypracovanych strategickych plant
OH. Jedna se vsak o velmi komplexni obor a kazda uloha OH je svou povahou jedinecna, je
tedy nutné bézné vyuZivané pfistupy pfizpisobit konkrétni tloze a dostupnym datim.
Nasledujici text (kap. 2.1 az 2.3) rozd¢€luje ulohy OH do tii logickych bloku, kterym se autor
této prace ve své vyzkumné ¢innosti vénoval.

2.1 Planovani statni koncepce odpadového hospodarstvi

Stanoveni adekvatnich cilli v oblasti recyklace nebo ptredchazeni vzniku odpadl vyzaduje
spolehlivé dlouhodobé informace o produkci odpadu, jeho slozeni a zpisobti zpracovani. Na
zaklad¢é ocekavaného vyvoje OH je mozné nastolit legislativni zmény, které maji za cil
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zlepsit nakladani s odpadem podle Hierarchie nakladani s odpady [B1]. Piestoze narodni
statistické urady nebo soukromé spole¢nosti hodnoty o produkci a nakladani obvykle sleduji,
v datovych sadach historickych dat se vyskytuje mnoho chyb, chybéjicich a netplnych dat.
VSechny tyto nesrovnalosti musi byt vyfeSeny ve fazi pre-processingu dat. Upravena
historicka data mohou identifikovat vazby rtiznych socioekonomickych a demografickych
faktorti na vyvoj OH [B5]. Identifikované souvislosti pak odhaluji potencialni zmény tak,
aby pozitivné ovlivnily trendy produkce odpadu a zpuisoby jeho zpracovani.

Modely pouzivané k planovani dlouhodobych zaméru lze rozdé€lit na predikce, prognozy a
projekce (kap. 3.2). Cilem prediktivnich modelt je popsat vazby mezi socialnimi aspekty a
parametry souvisejicimi s odpady. Pro popis téchto vazeb hraji zdsadni roli korela¢ni analyzy
a regresni modely, protoze maji Siroké vyuziti. Tyto vystupy ukazuji, na jaké aspekty je
vhodné cilit legislativni zmény, pokud se ma dosadhnout pozitivnich zmén sou¢asnych trendt
v produkci a nakladani s odpady. Nutno podotknout, Ze neni vhodné slepé ptebirat regresory
ze studii, které se zaméfuji na jiné zemé [Al]. ldentifikované vazby totiz mohou byt
lokalniho charakteru. Druhou skupinu tvofi progndzy zabyvajici se predpovédi produkce a
nakladani s odpadem do budoucnosti na zakladé historickych dat. CEP v EU stanovil cile
recyklace [B1] a omezeni skladkovani pro KO [B4] do roku 2035. V tomto ohledu jsou
relevantni dlouhodobé prognézy (5-20 let), a neni tedy nutné sledovat sezonnost v datech.
Na arovni statd se data obvykle eviduji jednou za rok. Nevyhodou takovych dat je kratka
Casova fada. Jedinou moznou alternativou pro tvorbu dlouhodobych prognéz na zakladé
kratkych casovych ftad je nalezeni trendu v historickych datech (viz kap. 3.2).
Nejvyraznéj§im nedostatkem piistupti k dlouhodob&j$im prognoézam produkce nékterého
druhu odpadu je nezohlednéni potencialnich zasahti do odpadového systému. Pokud aktudlni
prognéza neni v souladu s cili nebo nerespektuje vyvoj ve spolecnosti (napf.
socioekonomické aspekty z predikénich modeld), je vhodné pfistoupit k modelovani
projekei (kap. 3.2.3). Tento piistup muze odhalit potencial dopadu moznych legislativnich
zmén Vv jednotlivych tzemnich celcich na vyvoj OH. Projekce obvykle upravuji kiivky
prognozy tak, aby dosahly konkrétnich hodnot v pozadovanych letech [B6].

Legislativni cile je moZné naplnit za pfedpokladu, Ze je vybudovana adekvatni infrastruktura
OH. Je tedy nutné zajistit sbér pozadovanych frakci odpadu, svoz odpadu s dostate¢nou
frekvenci a potfebnou kapacitu zpracovatelskych zafizeni. Tim se zabyva kap. 2.2.

2.2 Strategické planovani infrastruktury odpadového hospodarstvi

Strategické rozhodovani v OH se zabyva planovanim a realizaci dlouhodobych projektt.
Patfi mezi n¢ vystavba nebo modifikace zatizeni pro nakladani s odpady, napt. zatizeni pro
energetické vyuziti odpadu (ZEVO) [A2], piekladaci stanice [A3], zafizeni pro materialové
vyuziti odpadu [B7] atd. Ve vSech ptipadech je provoz planovan na desitky let. Pfi
hodnoceni projekt je nutné vzit v avahu né€kolik nejistych parametrt, véetné produkce
odpadu, slozeni odpadu, podoby stavajici infrastruktury [A4], aby byla zajisténa
ekonomické a technicka udrzitelnost. Pro umisténi zatizeni s dobfe navrZzenou kapacitou je
tedy nutné pro zajmové izemi vyhodnotit soucasny stav OH a jeho ocekavany budouci
vyhled.

Modely pro strategické planovani infrastruktury se oproti predchozimu bodu (kap. 2.1) ¢asto
zameétuji na regionalni troven. Stejné jako data na narodni Grovni, také regionalni data jsou
obvykle k dispozici na ro¢ni bazi, takze je mozné opét odhadovat trendy z historickych dat.
Data a trendy nizsich tizemnich celki vSak maji obvykle vyrazné vyssi volatilitu, prognozy
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processing dat. Pro zajisténi konzistentni prognézy mezi regiony a celou zemi je nutné
zohlednit hierarchické uzemni ¢lenéni. V tomto kontextu je vhodné aplikovat bilance trenda
ziskané z vyrovnani dat [A5], kap. 3.2. Mély by byt také zohlednény souvislosti s okolnimi
regiony, které mohou planovany projekt ovlivnit [B8]. Pii strategickém planovani je
pfinosné modelovat scénafe budouciho vyvoje OH. Takové scénafe vznikaji z externich
zéasahti do systému OH a umoziuji vyhodnotit dopad na udrzitelnost planovanych projekt
[B9]. Vhodné je vyuzivat pfistupy zalozené na stochastickém programovani.

Krom¢ uloh tykajicich se zafizeni pro nakladani s odpady se ve strategickém planovani fesi
problémy souvisejicich s infrastrukturou sbéru. Konkrétné se jedna o vhodné rozmisténi
sbérnych mist v ramci obci, stanoveni typu, kapacity a potfebného poctu sbérnych nadob
s ohledem na rozvoj mést a obci [B10]. Sbérna infrastruktura je ¢asto upravovana v disledku
zavadéni oddéleného sbéru novych frakei, rozvoje a rozsifovani nékterych oblasti obci
(zména typu obydli, vystavba novych ¢tvrti atd.). Zasahy do sbérné infrastruktury nejsou na
prvni pohled drahé (potizovaci cena sbérnych nadob a kontejnertr), ale vyrazné ovliviuji
nasledny svoz odpadu. Cim vice se zkracuje dochazkova vzdalenost ob&anii k nejbliz§imu
sbérnému mistu, tim vice téchto mist je v infrastruktufe a svoz pak trva déle. Velky daraz je
treba klast na vyuzitelnost navrzenych sbérnych mist s ohledem na ptedpoklddanou produkci
odpadt. Sbérna infrastruktura a svoz odpadu se odviji zejména od ocekavané produkce
odpadu v dané lokalité¢ a od poctu oddélené sbiranych frakci odpadu. Obvykle modely
produkce pro optimalizaci svozu odpadu vychazeji z denni nebo tydenni datové sady. Tento
typ dat je obvykly pro mésta a obce, kde jsou data sledovana podrobnéji a jsou tedy
k dispozici delsi casové tady.

2.3 Operativni rozhodovani v odpadovém hospodarstvi

Posledni bod v této Casti souvisi s planovanim dennich operaci. Typickym ptikladem je
planovani dynamického svozu, kdy se denn¢ odhaduje mnoZzstvi odpadu na jednotlivych
sbérnych mistech. Obvykle se pouziva analyza casovych tad pro odhad produkce odpadu,
napf. autoregresni integrovany klouzavy prumér (ARIMA — Autoregressive integrated
moving average). Data o naplnénosti sbérnych nadob se nasledné pouZivaji v aplikacich pro
svoz odpadu, kde jsou modelovany konkrétni svozové trasy pomoci routingovych modelt.
Ptehled routingovych modelu a jejich aplikace jsou uvedeny v [B11].

Pii vytvafeni nového planu sbéru je potfeba na zéklad¢ tydennich nebo mési¢nich dat
o produkci odpadu naplanovat frekvenci sbéru. Cetnost svozu dale zavisi na vlastnostech
odpadu a kapacité sbérnych mist. Tato ¢ast Gizce souvisi s umisténim sbérnych mist a jejich
kapacitou (kap. 4.2). Dalsim typem ulohy je dimenzovani vozového parku [B12], jedna se
0 strategi¢téjsi investici, kde je potieba pracovat také s dlouhodobym planem a zvazit tieba
poruchy a udrzbu vozidel. Takové aplikace by mély vzit v tvahu zmény v produkei odpadu
béhem nékolika let a nové frakce odpadu, které I1ze sbirat oddélené.

Shrnuti: Efektivni planovani a fizeni provozu v OH vyzaduje vyvoj komplexnich
vypoctovych nastroji a piistupi pro nastaveni realistickych cili pro monitoring jejich
plnéni, a to za ptedpokladu minimalnich ekonomickych dopadl na producenty odpadu. Vyse
uvedené tematické okruhy 2.1 az 2.3 se Casto prolinaji a feSené tllohy maji uplatnéni ve vice
uvedenych okruzich. Jako ptiklad 1ze uvést potiebu prognézovat produkci odpadu. Vysledky
prognozy na trovni statu je nutné zohlednit pfi hodnoceni legislativy OH a soucasné je
vysledek prognézy zasadni pro strategické planovani OH. Nasledujici kapitoly obsahuji
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oblasti vyuziti, u kterych jsou popsany hlavni ptilezitosti z pohledu vyvoje novych piistupt
a metod pro podporu splnéni vyty¢enych cilti v OH a ObH. Bez dopadii na obecnost jsou
feSené oblasti v nasledujicich kapitolach provazany s aktualnim stavem v CR.

Habilita¢ni praci pokryva v podstat¢ dvé oblasti s aplikatnim potencidlem, které
koresponduji se strukturou této prace:

e Piiprava dat pro strategické planovani OH a ObH v CR (kap. 3).

e Modely a ptistupy pro planovani OH a ObH (kap. 4).

V kap. 3 bude predstaven pristup k pfipravé dat od jejich evidence jednotlivymi subjekty az
po sestaveni komplexniho planu OH na trovni CR nebo kraji. Pozornost je vénovana
zejména nastroji REVEDATO pro analyzu soucasného stavu OH (kap. 3.1) a néstroji
TIRAMISO [P1] pro prognézovani produkce a nakladani s odpadem (kap. 3.2). Upravena
data jsou vstupy pro modely planovani OH (kap. 4), kde jsou postupné piedstaveny modely
pro odhad slozeni odpadu (kap. 4.1), planovani sbérné infrastruktury (kap. 4.2), logistiku
odpadti (kap. 4.3), nastaveni zpracovatelské infrastruktury (kap. 4.4) a dimenzovani
technologii zpracovatelskych zafizeni (kap. 4.5). V textu jsou uvedeny hlavni myslenky
jednotlivych pfistupt, detailni popis modelt je k dispozici v publikovanych ¢lancich autora,
v piilohdch je uvedeno deset nejvyznamnégjSich piispévkll na zdkladé autorova vybéru
(Ptiloha 1 az Ptiloha 9). Hlavni vyzkumné vystupy autora jsou sumarizovany v samostatné
kap. 5.
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3 PRIPRAVA DAT PRO §TRATEGICKE PLANQVANi )
ODPADOVEHO A OBEHOVEHO HOSPODARSTVI V CR

Pro planovani OH je zasadni vychazet z kvalitni datové sady. Zakladnim zdrojem dat
0 produkci a nakladani s odpady v CR je databaze ISOH (Informaéni systém odpadového
hospodaftstvi). ISOH vzniké z kazdoro¢niho hlaseni souhrnnych tdajt z pritbézné evidence
0 produkci a nakladani s odpady prostfednictvim systému ISPOP (Informacni systém plnéni
ohlasovacich povinnosti) podle Zakona ¢. 541/2020 Sb., 0 odpadech a Vyhlasky ¢. 273/2021
Sb., o podrobnostech nakladani s odpady. V ramci vyzkumu autora této prace vznikaji
podpurné nastroje pro zpracovani dat o produkci a nakladani s odpady tak, aby byl
eliminovan vyskyt chybnych hodnot a byla doplnéna chybéjici data potiebna pro planovani
OH. Navaznost t&chto nastrojti pro podporu OH v CR je shrnuta v obr. 1, pfi¢em jednotlivé
faze pripravy datové zakladny jsou rozdéleny do ¢asti A) az E).

Evidence naklddani - = Vstupni
< odpady ISPOP Souhrnna databaze ISOH 2::3“' A) Dataz odpadového
hospodaistvi
Rekonstrukce 0
Kontroling REVEDATO — B) Kontrolni proces a r'ekonstrukce dat
Identifikace nesoulad(i 1.0 _ Tvorba pracovni databaze
Navrh oprav Vyrovnani dat
Vstupni
data
Aktualni stav | Indikatory | informace o produkci | Statisticky REVEDATO C) Aktualni stav
OH OH a nakladani na néstroj 2.0 odpadového hospodaFstvi
réznych drovnich CR
Stav OH nutny TRAMISO |,_Prognéza produkce [TIRAMISO |, | D) Modelovani vyvoje
ke spInéni nastavenych cild 2.0 1.0 odpadového hospodafstvi
(scénare nakladani) v nasledujicich letech
Névod na tvorbu
land pro OH .
POH B : Dokumentace E) Komplexni plan
k POH odpadového hospodafstvi

Klicové parametry pro
dosaieni cilli v legislativé

Obr. 1: Datova zéikladna pro planovani odpadového hospodarstvi v CR

Nize jsou v kratkosti popsany jednotlivé moduly ptipravy a zpracovani dat a vazby mezi
nimi. Jedna se o existujici moduly, ptipadné moduly ve vyvoji na pracovisti autora této

prace.
A) Dataz OH
e |SPOP

Systém zajisSt'uje piijem a zpracovani hldSeni na zdklad¢ ohlasovacich povinnosti
0 produkci a nakladani s odpady. Hlaseni je realizovano V elektronické podobé a
s naslednou distribuci pfislusnym institucim vetejné spravy (Vyhlaska ¢. 273/2021
Sb., o podrobnostech nakladani s odpady).
e |ISOH [B13]

Kontrolu vSech dorucenych hlaseni podle zdkona o odpadech (Zékon €. 541/2020
Sb.) provadi obec s rozsifenou ptisobnosti (ORP) a poté data zasila na Ministerstvo
zivotniho prostiedi (MZP). Hlavnim nastrojem pro toto ovéfeni je kiizova kontrola,
tzn. porovnani mnozstvi jednotlivych druhii odpada, které uvedli piivodci a partneti
transakce. Na zakladé kiiZzové kontroly reportovanych dat je mozné pozadat
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respondenta o jejich kontrolu. Databazi ISOH spravuje Ceska informaéni agentura
zivotniho prostiedi (CENIA). Z diivodu aktualizace systému v soucasnosti probiha
Vyvoj nové verze systému pro sbér dat z hlaSeni souhrnnych tdaji prabézné evidence
(Vyhlaska ¢. 273/2021 Sb., o podrobnostech nakladani s odpady).

B) Kontrolni proces a rekonstrukce dat, tvorba pracovni databaze

PD ISOH (pracovni datab4aze ISOH)

Evidovana data v ISOH jsou dale upravena podle metodiky definované v dokumentu
[B14] a vznika tak PD ISOH. I pfes zminény systém kontrol a Gprav dat jsou do
PD ISOH zaclenény chybné hodnoty. Chyby, které se staly soucasti PD ISOH,
umoziuje odhalit nastroj REVEDATO 1.0. Data z PD ISOH pftedstavuji klicovy
podklad pro podporu rozhodovani v OH.

REVEDATO 1.0 (Rekonstrukce a Verifikace Dat z ISOH)

Vypoctovy nastroj REVEDATO 1.0 vyhodnocuje nesoulad dat v ramci tokti odpadu
mezi izemnimi celky a zajisti tak hmotnostni bilance odpadu v izemnich jednotkach.
Dale nastroj REVEDATO 1.0 mtze byt zapojen do evidence hlaSeni nakladani
s odpady, kde by umoznil identifikovat ptipadné nesoulady jiz ve fazi reportingu.
Detailngji bude nastroj popsan v kap. 3.1.

C) Aktualni stav OH

REVEDATO 2.0 (ve vyvoji)

Nastroj REVEDATO 2.0 umoznuje modelovat tok odpadu od producenta az do mista
zpracovani, viz 3.1. Jedna se o zasadni informaci pro vyhodnocovani OH na riznych
trovnich uzemniho &lenéni (kraje, ORP, ZUJ — zakladni uzemni jednotka).
Statisticky nastroj (ve vyvoji)

V soucasnosti je velmi pracné vytvorit jakoukoli analyzu OH. Je tieba exportovat
data z PD ISOH, agregovat vybrané kody nakladani a stimto souborem dale
pokracovat ve vybranych statistickych pristupech. Modul statistického néstroje
umozni snadné filtrovani dat s pfednastavenymi funkcionalitami navdzanymi na
indikatory OH (viz niZe). Bude snadné zjistit kvalitu evidence ve vybranych
uzemnich celcich, toky odpadu, ptedupravu, skladovani a navazujici nakladdani
s odpadem v nasledujicim roce a dal$i zaméteni analyz.

Indikétory OH

Pro zakladni monitoring vyvoje OH v CR slouzi definované indikatory OH (viz
metodika vypoctu [B14]). Indikatory umoznuji posouzeni plnéni cili v CEP. Diky
nastroji REVEDATO 2.0 a na ném navazujicimu statistickému néstroji lze tyto

Vv

D) Modelovani vyvoje OH v nasledujicich letech (ve vyvoji)

TIRAMISO 1.0 [P1]

Jedna se o webovou aplikaci zaméfenou na prognézovani produkce odpadu véetné
tvorby projekci (scénait), viz kap 3.2. TIRAMISO 1.0 Cerpa vstupni data
z PD ISOH. Nastroj je spravovan MZP, které uréuje detail zobrazeni pro b&zného
uzivatele. Nastroj TIRAMISO 1.0 byl vytvoien na VUT v Brn¢ v ramci projektu
TIRSMZP719 [P2]. Autor vedl tym, ktery vyvijel matematicky aparat pouzity
V nastroji a soucasné je hlavnim autorem metodiky [P7], na které je nastroj postaven.
TIRAMISO 2.0

Aplikace se zaméfuje na tvorbu prognéz a projekci pro nakladani s odpady, viz
kap 3.2. Modely zohlednuji ocekavanou produkci odpadu podle vysledka
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TIRAMISO 1.0. Hlavni funkcionalitou modulu TIRAMISO 2.0 je tvorba projekci
vyvoje nakladani s odpady s ohledem na vyhled vyvoje v pramyslu a sluzbach. Diky
tomu bude mozné planovat novou infrastrukturu a sméfovat OH na riizné trovni
uzemniho detailu. Vystupy budou zékladnim podkladem pro tvorbu Plani
odpadového hospodarstvi (POH).
E) Komplexni POH

e POH
Jedna se 0 klicovy dokument udavajici smeéfovani OH s vazbou na cile CEP, které
jsou promitnuty do Zakona o odpadech 541/2020 Sb. POH se tvofi ve statni a
krajskych variantach. V ramci projektu CEVOOH [P3] se bude autor této prace
podilet na nové podob&é POH CR, ktery bude platny od roku 2025.

e Dokumentace k POH
Reserse existujicich POH (CR, kraje) ukazala jejich znaéné nedostatky. Piedevsim
Vv krajskych variantach jsou texty velmi obecné bez konkrétnich doporuceni. Nejsou
zohlednény regionalni rozdily, vazby na okolni regiony apod. Soucasné se statni
podobou POH bude tvotfena podptrna dokumentace pro tvorbu POH vsech trovni.
Tento dokument zajisti vyznamné vyssi ptinos krajskych a méstskych POH, které
budou na statni variantu POH navazovat.

Vytvorené a pfipravované vypoc¢tové nastroje pro vyuziti v oblasti strategického planovani
Jsou v podstaté unikatni. V poslednim obdobi se autor zaméfil predevsim na vyvoj nastroje
TIRAMISO 1.0, ktery jiz byl pfedan hlavnimu uZivateli — MZP. V ramci aktualné feseného
projektu CEVOOH [P3] je nyni pozornost vénovana zejména nastroji REVEDATO 1.0 a
funkcionalitam, které jsou s timto nastrojem spojeny. Dale v textu budou blize popsany
nastroje REVEDATO (analyza soucasné¢ho stavu OH) a TIRAMISO (progndza produkce
odpadu) ve variantach 1.0 i 2.0, které autor prace se svym tymem na UPI vyviji a jiz byly
aplikovany na vybrané odpadové proudy.

3.1 Analyza soucasného nakladani s odpady

Planovani v oblasti OH se nutné musi opirat o data soucasné produkce a nakladani s odpady.
Reportovand data o produkci a nakladdni jsou prostfednictvim systému ISPOP
shromazd’ovana v databazi ISOH [B13]. Piestoze evidovana data prochazi vicekrokovou
kontrolou, vysledné databaze obsahuji chybné vykazy, coZz komplikuje vyuziti téchto dat pro
planovani OH. I za pfedpokladu idealniho stavu, kdy jsou vSechny hodnoty v souladu, neni
dostupna kompletni informace 0 toku odpadu. V dusledku spojovani (agregace) a
rozpojovani tokti odpadu v uzlech se informace o ptivodci odpadu ztraceji. To znemoznuje
ziskat informace o zpusobu nakladani s odpady pro jednotlivé producenty. Chybéjici
informace je ale mozné odhadovat pomoci bilan¢nich vypoctd. Za ucelem identifikace
chybnych hodnot a modelovani toku odpadu od producenta do mista zpracovani je na UPI
vyvijen bilan¢ni nastro) REVEDATO.

Vyvoj bilanéniho ndstroje autor této prace zalozil na multioborovém zapojeni student
rizného stupné studia. Prvotni modely pro vyrovnavani dat OH, nésledné& dale vyvijené a
implementované v REVEDATO, byly feseny v ramci praci [Z1] a [Z2]. Reseni bilanénich
modelit v OH miZe byt podpotfeno zohlednénim ekonomickych aspekti, které ovliviiuji
nakladani s odpadem. Ekonomicky aspekt byl do modelu implementovan skrze preferenci
co nejkratsi vzdalenosti pfepravy. Diivodem je pfedpoklad, Ze odpad nebude pfemistovan
na velké vzdalenosti, pokud to neni nutné napt. z divodu omezenych kapacit zafizeni.
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Logistické modely pro optimalizaci tokt v siti byly testovany v praci [Z3] a Vv ramci
navazujici prace byly modely rozsifeny o stochastické parametry [Z4]. Kombinace modelu
pro vyrovnavani dat [A6] a logistiky [A7] zvySuje piesnost modelu. Konkrétné jsou ucelové
funkce feSeny samostatné a nasledné se ve viceucelové funkci zkombinuji normovana
optimalni feSeni. Modely Srtznou ucelovou funkci byly analyzovany v praci [Z5].
Vypocetni hledisko této ulohy bylo rozpracovani v praci [Z6]. Na zminéném modelu byla
testovana ucinnost feSeni pomoci metody ADMM (alternating direction method of
multipliers), model byl implementovan v jazyce Julia. Model pro rekonstrukci toku v siti
v podobé viceucelové funkce byl prezentovan v publikaci [A8] s pfipadovou studii pro
objemny odpad na krajské urovni Ceské republiky z roku 2015. Uvedené diléi poznatky a
aktivity, byly implementovany v uceleném vypocétovém nastroji Reflow v jazyce Julia [P4]
v ramci feseni projektu SPETEP DMS [P6]. Jednalo se o bilan¢ni model, ktery byl uspésné
aplikovan pouze na néktera katalogova &isla (Kat. &). na troven krajii CR. Pro vétsi detail
uzemniho c¢lenéni nebylo mozné nastroj Reflow vyuzit z divodu vysoké vypocetni
naroc¢nosti. Jiz tyto vysledky vSak ptinasely cenné informace o transportu odpadu mezi kraji.
V soucasnosti probiha dalsi vyvoj bilan¢niho nastroje, ktery je nyni nazyvan REVEDATO,
jehoz struktura s rozdélenim na moduly REVEDATO 1.0 a REVEDATO 2.0 je znazornéna
na obr. 2.

1SOH REVEDATO 1.0 Vystupy spojené s vyvojem nastroje REVEDATO 1.0
Pre-processing dat: v projektu CEVOOH
identifikace chyb
1.F2.1 | Pfistup k modelovani toku Vounm | 03/2022
1 odpadii na dzemi CR.
1.F2.2 Nastroj pro rekonstrukci R 03/2023
o Validace dat zajisténi vybranych tok( odpad(i na uzemi
Oprava zjevnych chyb N hmotnostnich bilanci CR.
1.F2.3 | Uzivatelsky manual nastroje pro | Viounm | 06/2023
rekonstrukei tokd.
1.F2.4 | Vypoétové moinosti modelu Viouhm | 06/2024
rekonstrukce toku odpadi pilotni
_____________________________________________________________________ pripadova studie.
: Navazujici vyvoj nastroje REVEDATO 2.0 doposud mimo
Pre-processing dat: REVEDATO 2.0 planované aktivity projektu CEVOOH - pfehled aktivit (Al aZ A5)
identifikace jednoznaénych
fetézcl producent-zpracovatel Al Vyvoj matematického modelu pro identifikaci
potenciadlniho mista a zplsobu naklddéani pro
¥ konkrétniho producenta: kritéria v dé¢elové funkei —
P ) L Modelovani (simulace) scénaft vzdalenost, pocet piedani.
O¢isténi dat o jednoznaéné . L
fetézce producent-zpracovatel . p{o r;lalezem potencidlnich A2 Vyvoj algoritmu pro tvorbu scénafll v prostfedi Python s
fetézel producent-zpracovatel wyuZitim vystupu z AL,
Existuji stabilni toky pro i A3 | Vyhodnocovani modelovani (scénafi) z A2 z pohledu
viechny scéndfe? ANO Vyhodnoceni neuréitosti pro variability pro misto a zptsobh nakladani pro konkrétniho
o) x producenta (Python).
/ potencidlni fetézce producent-

NE zpracovatel A4 Vyvoj matematického modelu pro nalezeni
nejpravdépodobnéjiiho scénare indikujici misto a zplisob
nakladani pro konkrétniho producenta s ohledem na

Modelovani zbylych fetézch varaco\'rénvi vysledka pro neurtitosti 2jiEténé v A3
producent-zpracovatel ™ viechny retezce pfﬂdH_CE"t’ A5 Implementace vypogetniho jadra (Al a% Ad) do webové
zpracovatel véetné nejistoty aplikace, propojeni s vhodnym typem databaze.

Obr. 2: Struktura ndstroje REVEDATO

V aktualng feseném projektu CEVOOH [P3] vznika verze REVEDATO 1.0, ktera zahrnuje
tf1 bloky. Nejdiive probiha algoritmus pro identifikaci chyb a nasleduje oprava zjevnych
chyb v evidenci partnert transakce. Napt. ZUJ1 eviduje predani odpadu v ramci stejné
tizemni jednotky. Neni zde ale vykazano, ze ZUJ1 piebira odpad od ZUJ1, tzn. je vykazano
predani, ale chybi pievzeti. Soucasné jiné ZUJ2 eviduje prevzeti od ZUJ1, které piesné
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odpovida mnozstvi evidovaného ZUJ1 jako piedané. Pravdépodobné zde doslo k chybé
evidence partnera transakce, ktera je opravena na piedani uvedeného mnozstvi ze ZUJ1 do
ZUJ2. Navazuje blok zahrnujici validaci dat pro zajisténi hmotnostnich bilanci. Vechny
bilancované toky spojené s tizemni jednotkou jsou zobrazeny na obr. 3. Bilance zajisti soulad
mnozstvi odpadu, které je na daném tizemi produkovano nebo sem piivazeno, s odpadem,
ktery se odvazi nebo se v tomto Gzemi zpracovava. Piipousti se také moznost vlastniho
piedani a prevzeti odpadu v ramci jedné Uzemni jednotky. Mezi tizemnimi jednotkami
vznika vazba pfi prevozu odpadu, kdy mnozstvi pfedaného odpadu musi byt po bilanci rovno
pievzatému odpadu. Pozornost v REVEDATO 1.0 je vénovéana nastaveni vah v ucelové
funkci optimaliza¢ni ulohy pro vyrovnavani dat (bilance) [P5]. Bilanci v REVEDATO 1.0
je mozné provadét pro libovolna katalogova ¢isla na Grovni ZUJ CR. Matematicky model
v zakladnim tvaru je uveden v dokumentu [P5].

Produkce —
l Vlastni Predani / Prevzeti

—
Predani / Pfevzeti | Uzemni |PFedani/ Pfevzeti
jednotka

l > Tok* =) Tok™ =

Zpracovani

Obr. 3: Zdkladni bilance v uzemni jednotce

V ramci rozsiteni projektu CEVOOH [P3], nebo synergicky navazaného projektu na
CEVOOH bude nastroj REVEDATO dale rozsiten o REVEDATO 2.0 (obr. 2).
REVEDATO 2.0 bude umoziovat modelovani toku odpadu od producenta do mista
zpracovani. Nejdiive jsou identifikovany jednoznacné fetézce odpadu, tzn. fetézce kde
nedojde krozdéleni toku a vykazované hodnoty si odpovidaji v celém fetézci. Tyto
jednoznaéné ftetézce jsou pro dalsi zpracovani dat z analyzy vynechany. Nasledné se
modeluji scéndfe moznych tokl odpadu tak, Ze se ndhodné zvoli jeden producent odpadu a
pro néj se modeluje pravdépodobny fetézec pomoci vicekriteridlni ulohy celociselného
smiSeného programovani. Timto vypoftem se omezi moZznosti pro zbylé producenty.
Nasledné se ndhodné vybira dalsi producent a optimalizacni tloha se zopakuje. Timto
postupem dojde k vyhodnoceni vSech producentti pro jeden scénaf. Tento postup muize
zpusobit stav, kdy je v urcitém kroku (pro vybraného producenta) uloha nefesitelna z divodu
nedostate¢né dostupné zpracovatelské kapacity. V takovém piipadé se problém fesi
fiktivnim tokem odpadu s velkou penalizaci. Uvedeny postup se opakuje, ¢imz se vytvori
dostate¢né mnozstvi scénafll potfebnych pro dalsi analyzy. Scénare jsou vyhodnoceny
Z pohledu variability pro konkrétniho producenta. Producenti se zanedbatelnou, popf.
nulovou variabilitou pro nakladani s jejich odpady se povazuji za jednoznacné a jsou
z dalsich analyz vynechény. Nasleduji opakované aplikace tvorby scénaii a jejich
vyhodnoceni, dokud je mozné identifikovat takovéto producenty. Upravy pro zbylé
producenty spocivaji v komplexn&j$im pohledu na problematiku, kdy neni feSen pouze jeden
producent, ale vSichni producenti soucasné v jedné tloze. Okrajové podminky ulohy jsou
definovany na zakladé odhadnuté variability scénaia. Model je dale doplnén o vhodné vahy,
které zajisti racionalitu vysledkli z pohledu expertnich predpokladi pro konkrétni typy
odpadt (napf. rozdilna penalizace pro dopravni vzdalenost u NO a OO odpadt apod.).
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Vyvoj REVEDATO 1.0 a identifikace jednoznac¢nych fetézci z REVEDATO 2.0 je jednim
ze zaméfeni prace [Z7] s planovanym obhéajenim v roce 2023, kterou autor této prace vede
zZ pozice skolitele specialisty. Soucasné jsou tvotfeny a testovany modely z REVEDATO 2.0
jako soucast prace [Z8], ktera vznika pod vedenim autora tohoto textu.

Problematické body zjisténé v databazi PD ISOH diky bilancim nastroje REVEDATO 2.0
jsou konzultovany s CENIA. Jednim z cili je vytvofit podporu pro evidenci nakladani
s odpady a eliminovat piipadné chyby jiz ve fazi reportingu. V navazujici ¢innosti bude do
nastroje REVEDATO 2.0 implementovan statisticky nastroj (viz obr. 1). Tento modul
umozni pfehledné vyhodnoceni soucasného stavu produkce a nakladani pro vybranou frakeci
odpadu a lokalitu. V soucasnosti je mozné posoudit nakladani s odpady pouze pro
agregovanou (statni) Uroven, protoze data neumoznuji sledovani toku od producenta do
mista zpracovani. Neni tedy znamé, jakym zplsobem se nakladalo s odpadem od
konkrétniho producenta. Diky nastroji REVEDATO 2.0 bude mozné tyto toky odhadovat
S rozumnou mirou neurcitosti. Statisticky néstroj bude primarné vyhodnocovat plnéni
indikatord OH, které budou v ramci feseni projektu CEVOOH [P3] definované.

3.2 Modelovani produkce odpadu

Pro teseni uloh v OH je zasadni vstupni informaci o¢ekavana produkce odpadu (viz kap. 2.1
az 2.3). Modely produkce odpadu Ize rozdélit na predikce, prognodzy a projekce. Predikéni
modely se zabyvaji popisem soucasné nebo budouci produkce odpadl s vyuzitim faktord,
které ji ovliviiuji [Al]. Timto zpusobem lze podle vlivnych faktori odhadnout produkci
odpadu napf. v lokalité bez dostupnych dat, zaroven je mozné modelovat o¢ekavany vyvoj
produkce v budoucnosti. V tomto piipadé je vSak potieba kvalitni prognoza téchto vlivnych
faktorti. Naproti tomu prognostické modely fesi vzdy odhad produkce v budoucnu [A10].
Prognéza v pojeti této prace predstavuje nejpravdépodobnéjsi scénat budouciho vyvoje.
Vychézi z historickych dat a nezahrnuje (aZ na nezbytné vyjimky) expertni hledisko, napf.
zménu trendu v disledku ocekavanych zmén ovliviwjicich faktori apod. Prognéza bude
oznacovana jako scénaf typu ,,business-as-usual® (BAU). Naproti tomu projekce vychazi
z n&jakého definovaného scénaie budouciho vyvoje. Projekce zohlednuje odborné nastavené
okrajové podminky tak, aby co nejvice reflektovala historicky prabéh. Je tedy maximalni
moznou mérou konzistentni s prognézou (BAU). Projekce v OH vznikaji, kdyZ do systému
zasahuji vnéjsi vlivy a tim se historicky trend méni. Tyto vlivy (legislativa, technologicky
pokrok atd.) nelze kvalitné prognozovat, a proto se ¢asto pfistupuje k modelovani projekei,
tedy scénaft budouciho vyvoje ve vztahu ke konkrétnim podminkam zvolenych autorem.
Scénaie mohou byt porovnavany se scénafem BAU za ucelem simulace a hodnoceni dopadu
riznych scénatii okrajovych podminek (vyvoje).

Dostupna literatura poskytuje fadu riznych pfistupti k modelovani produkce odpadu, jak je
shrnuto v resersi [A11]. Pro vyhodnoceni pfistupii vyuzivanych k modelovani produkce bylo
prostudovano 359 publikaci. VétsSina modeld (229 z 359) se zabyvala predikénimi modely
soucasné produkce odpadu. BéZné uzivané predikéni modely pro odhaleni vlivu vybranych
faktori z oblasti sociologie, ekonomiky, demografie atd. byly testovany na produkci KO
v CR v publikaci [A1]. Konkrétng byly vyuzity modely z oblasti regresni analyzy a
rozhodovacich stromil.. Vysledky ukazaly, ze vhodnym kompromisem mezi piesnosti
modelu a jeho interpretovatelnosti je linedrni regresni model. Bylo prokédzano, ze kvalita
modelu zavisi zejména na detailu Izemniho ¢lenéni, protoZe niz$i uzemni celky vykazuji
vy$$i variabilitu dat.
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Modely produkce odpadu jsou nejcastéji tvoreny pro KO [All], divodem jsou zejména
milniky EU cileny pravé na KO (viz kap. 2). Vyznamny faktor ovlivitujici produkci odpadu
na osobu v CR napii¢ tzemnimi Grovnémi a frakcemi KO je pouze vékové slozeni
obyvatelstva. Pro popis produkce frakci KO na riznych uzemnich urovnich v§ak maji velky
vyznam i dal$i faktory (napf. pocet ekonomickych subjekti, hustota obyvatelstva a tiroven
vzdélani). Neexistuje vSak obecné platny model, ktery by popisoval vazby pro rtizny detail
uzemniho ¢lenéni. Planovani OH by tedy mélo byt zamétené na konkrétni faktory ovliviujici
produkci KO pro dany detail Gzemi. Pro niz$i arovné tUzemniho c¢lenéni (obce a
mikroregiony) je ale kvalita modeld nizka. Vysledky pro obce a mikroregiony jsou tedy
nespolehlivé a mélo by se kK nim pfistupovat pouze jako k orienta¢ni informaci.

ReserSe [All] zaméfena na modely produkce odpadu ukazala moznosti vyuziti riznych
metod modelovani. Shrnuti hlavnich vystupii pro prognostické modely je na obr. 4. Ciselna
hodnota udava, kolik modela z celkem 359 publikaci odpovida dané charakteristice. Je tfeba
poznamenat, ze jedna publikace miize zahrnovat vice typt modeld, napt. z diivodu testovani
riznych metod nebo vyvoje hybridni metody. Soucet hodnot v jedné vrstvé tedy nemusi
odpovidat hodnoté ve vys$s$i vrstvé. Prognostické modely byly piredstaveny ve 130
publikacich 2359 a lze je rozdélit na dva zakladni typy. Prvni z nich pracuje pouze
s historickymi daty o produkci odpadi a modeluje vyvoj v ¢ase. Obvykle tyto modely
vyuzivaji bézné piistupy analyzy casovych fad (TSA — time series analysis). Pfipadné jsou
aplikovany principy obecné regrese (GR — general regression), linearni regrese (LR) atd. pro
modelovani trendu v datech, kde nezavislou proménnou je pouze ¢as. Druhy typ modeluje
vazby mezi produkci odpadi a riznymi faktory (ekonomickymi, environmentalnimi,
sociologickymi atd.) a poté na zakladé¢ ocekdvaného vyvoje téchto faktort je vytvotrena
progndza produkce odpadii. Tato oblast zahrnuje jak konven¢ni metody, tak i metody
strojového uceni.

Pro volbu pfistupu je zasadni detail Casového ¢lenéni, protoze ovliviiuje délku casové fady.
Ro¢ni data o produkci odpadu tvoii kratké casové fady, dlouhych casovych fad Ize
dosahnout pouze ve vyssim detailu (den, tyden). Detail ¢asovych tad pro oba typy metod
(vyvoj v Case a vazby v systému) byl na obr. 4 rozdélen na rok a ostatni. V resersi bylo
shromazdéno 28, resp. 23 modelt (rok, resp. ostatni) pro metody vyuzivajici vyvoj
v Casovych fadach a 64 resp. 15 modela (rok, resp. ostatni) pro metody vyuzivajici vazby
v systému. Celkem 92 modelt tedy vyuzivalo data v ro¢nim detailu a pouze 28 modelt z 92
aplikovalo metody zaloZené na vyvoji v Case. Zakladnim nedostatkem metod vyuzivajicich
vazby v systému je potieba dosahnout kvalitnich modeld popisujicich tyto vazby [Al] a
navic disponovat prognoézami vSech vlivnych faktord. Prognozy téchto vlivnych faktort
Casto nejsou vibec dostupné, nepokryvaji cely predikéni horizont nebo neni dostupna
informace o nejistoté prognozy [Al3]. Z divodu mensich narokti na vstupni data je
vhodnégjsi vyuziti metod zaloZenych na vyvoji v Case, které i u kratkych casovych fad
umoznuji modelovat trend v datech. Dale je nezbytné zabyvat se otazkou tizemni hierarchie.
Ve vétsing prostudovanych modeld je progndza tvoiena pouze pro jednu Urovei uzemi (stat,
kraj, obec apod.). Pro planovani OH je potieba progndzy produkce odpadu tvofit na riznych
urovnich uzemniho Clenéni, ale tyto progndzy jsou obvykle provadény samostatné bez
zohlednéni hierarchickych vazeb. Reserse zahrnuje pouze 6 modeld kratkych ¢asovych tad,
které zohlediiuji uzemni hierarchii a vSechny tyto modely byly jiz dfive prezentovany
autorem této prace. VEtSina pristupti uizemni vazby neuvazuje (22 modeld pro kratké casové
fady), coZ bylo shledano jako jeden z vyzkumnych potenciala.
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Pozn: TSA — analyza casovych iad (time-series analysis), GR — obecnd regrese (general regression),
MLR — vicenasobna linearni regrese (multiple linear regression), ANN — umélé neuronové sité
(artificial neural network), GM — gray model, SVM — metoda podpiirnych vektorii (support vector
machine), SD — systém dynamics, CA — korelacni analyza (correlation analysis), des — popisné
metody (description methods), FL — fuzzy logika, DT — rozhodovaci stromy (decission trees).

Obr. 4: Vyhodnoceni reserse, upraveno z [A11]

Na zéklad¢ reserSe byly identifikovany dva hlavni sméry vyzkumného potencialu v oblasti
modelovani produkce odpadu, které budou diskutovany dale v textu.
e Volba vhodné metody (kap. 3.2.1)
Prezentované studie pouzivaji rizné metody progndézovani, aniz by bylo objasnéno,
proc¢ byla konkrétni metoda zvolena. Na zakladé poznatkt z provedené reserSe bylo
sestaveno doporuceni pro vybér vhodné metody. Primarné se zohlediiuje dostupnost
a vlastnosti dat. Schematické znazornéni pro volbu metody je popsano na obr. 5.
e Obecny pristup k prognézovani produkce odpadi (kap. 3.2.2)
Uvedené modely prostudované v reSerSi jsou formulovany pro konkrétni frakce
odpadu a jejich obecnou pouzitelnost nelze obvykle odvodit. Navic jsou diivéjsi
publikace zaméfeny na néktery krok modelovani. Obvykle se jedna jen 0 samotny
model prognozy, a to bez v§ech nutnych kroki jako je napf. pre-processing dat, ktery
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neni pro kratké fady obecné€ popsan. V ramci této prace je uveden ptistup pouzitelny
pro libovolnou frakci odpadu se zohlednénim twzemni hierarchie. Hlavni
charakteristikou pfistupu je provazanost prognozy a projekce se zahrnuti pre-
processingu dat. To umoziuje modelovat budouci produkci odpadu s ptihlédnutim
Kk realnym podminkam.

3.2.1 VOLBA VHODNE MODELOVACI METODY

Postup vybéru vhodné modelovaci metody pro odhad vyvoje produkce odpadu, popsan
Vv jednotlivych krocich niZe, je zobrazen na obr. 5 ve formé stromové struktury. Tento postup
je obecné platny a byl navrzen v ramci projektu TIRSMZP719 [P2] za pouziti rozsahlé
reSerSe piedstavené vySe v této kapitole. Postup volby metody pro prognézovani produkce
odpadu se doporucuje nasledujici:

1.

2.

3.
4.

5.

Stanoveni vyznamnych vysvétlujicich parametrit (podminka: dostupna data pro vsechny
uzemni celky systému).

Ptepocet dat aktivitnim ¢lenem na jednotkové mnozstvi (podminka: aktivitni ¢len je
vyznamny vysvétlujici parametr).

Uroven A: volba obecného pfistupu (podminka: platnost predpokladi piistupi).

Uroveii B: volba vhodnych metod a vypodet odhadu vyvoje témito metodami (podminka:
platnost pfedpokladii metod a zohlednéni ¢asové narocnosti vypoctu).

Uroveti C: vyhodnoceni kvality vysledkii modelti posouzenim kritérii kvality, napf. R?
(koeficient determinace), MAPE (stiedni absolutni procentualni chyba) a chyby odhadu
vyvoje. Nasledn¢ se doporucuje vyuziti metody s nejvyssi kvalitou modelu.

Progndza produkce odpadu — moZné pristupy

/ -
\,\

Analyza tasovych fad Regresni modely

Piedpoklady:

- dostupnadata A
- existence kvalitnich prognéz vysvétlujicich parametra

- vyznamnazavislost produkce odpadu na vysvétlujicih
parametrech
P { =~ J / [ VR

Predpoklady:
- dostateéna délka casové Fady

Dekompozice éasové Fady Boxova- Expertniodhad, Linedrniregresni Zobecnéné regresni Strojové
/ \ Jenkinsonova Primérny model modely modely uéeni
y= = metodologie normalnirozdéleni rezidua ze tfidy nelinearni
Cyklickd a sezénni Trendovd slofka  §ostateins délka rezidui exponenciélnich zavislosti B
slozka E’“Stencetrendu Casové rady (alespon homoskedasticita rozdéleni
data alesponiv Vo N 30 pozorovani) nezavislostrezidui linedrnizavislost prip.
mésicnim detailu Popistrendu  Exponencialni linedrnizavislosti nelin.e’arplzaviilosti
kFiv‘kami vyrovnavani specidlnich typd

""""" Vo T /\/iﬂ

Vyhodnoceni kvality modela

Obr. 5: Metody pro odhad vyvoje produkce odpadu, TIRSMZP719 [P2]

Vysledna progndza by méla splitovat nésledujici kritéria:

e Soulad prognéz produkce odpadi: méla by byt zachovana hierarchicka struktura
uzemnich jednotek [A10] a frakci odpadu [A5].

e Intervaly spolehlivosti: ocekavana nejistota je nedilnou soucasti vysledkd. Ve vétsiné
diive publikovanych modell v§ak informace o nejistoté progn6zy chybi.

e Hodnoceni kvality modelu: vétSina modelii zahrnuje alesponi n&jaké hodnoceni
kvality. B&zné pouzivanymi kritérii jsou R?, MAPE, MAE (stiedni absolutni chyba)
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a RMSE (sttedni kvadraticka odchylka). Rovnéz se doporuCuje ovérit kvalitu
prognozy na zaklad¢ testovacich dat. Pfed vytvofenim progndzy je urcita cast dat na
konci Casové tfady alokovana pravé pro testovani. Nasledné je intervalovy odhad
budouci produkce porovnan s timto pfedem alokovanym souborem dat.

3.2.2 OBECNY PRISTUP K PROGNOZOVANI PRODUKCE ODPADU

Zasadnim a ¢asto opomijenym krokem prognézovani je kvalitni pre-processing dat, viz [P7].
Autor tohoto textu doporucuje K prognézovani libovolné frakce odpadu vyuzit model
kombinujici prognézu a naslednou projekci, viz obr. 6. V prvnim kroku by méla byt
vytvorena prognéza (BAU) produkce odpadu na zakladé historickych dat, ktera zachovava
historicky vyvoj také do budoucna, viz kap. 3.2.3 A) az C). Jedna se o zakladni informaci
pro posouzeni o¢ekavaného vyvoje. Produkci odpad budou ale ovliviiovat systematické
zmény (legislativni, technologické atd.) a globalni trendy (sociologie, ekonomika atd.).
Pomoci predikénich modelti [A1] 1ze odhadnout vliv téchto faktor na produkci odpadu, ale
jejich vyvoj do budoucna nelze dobie predvidat. Pfedpokladany vyvoj vlivnych faktort je
predmétem kombinace statistickych modelt (predikéni modely a dlouhodobé trendy) a
expertniho posouzeni. Tviirce projekce ma moznost nastavit okrajové podminky modelu a
tim muze tvofit jednotlivé scénafe. Formou scénait je mozné odhadnout budouci produkci
odpad, kterd bude co nejlépe odpovidat predpokladanym podminkam. Doporucené piistupy
Kk prognozovani byly uplatnény pro vytvoieni certifikované metodiky pro provadéni
dlouhodobé prognézy produkce odpadii [P7] a softwaru TIRAMISO [P1] ve verzi 1.0, které
vznikly v ramci feseni projektu TIRSMZP719 [P2]. V piipadé modelt produkce odpadu lze
ptiklddat zna¢nou vahu jiz samotné prognéze, kterd odrazi chovéani producentti a pomoci
projekci je mozné zohlednit zmény systému. Pfinos projekci je ale mnohem vyznamnéjsi
Vv ptipadé nakladani s odpady. Zahrnuti projekci do modelovani nakladani s odpady je témé&f
vzdy nutné, protoze zavisi na novych zpracovatelskych kapacitach, které nelze odhadnout
Z historickych dat.

Progndza na zakladé . ScénaF1
historickych dat /
kap. 3.2.3 A) .
. Scénaf 2
Projekce
—
kap. 3.2.4 S
Systematické zmény oo Scénar 3
- legislativa
- technologie
Predikéni modely Expertni
[A1] | posouzeni
Globalnitrendy
- sociologie
- ekonomika

Obr. 6: Schematické zndzornéni integrace prognozy a projekce

3.2.3 CERTIFIKOVANA METODIKA PRO PROVADENI DLOUHODOBE
PROGNOZY PRODUKCE ODPADU

VySe uvedené obecné poznatky a doporuceni pro provadéni prognodzy byly vyuZity pro
konkrétni vystup vyzkumu — certifikovanou metodiku pro prognézovani produkce odpadt
[P7]. Cilem certifikované metodiky je sjednoceni pfistupit pro prognézovani pouzivanych
v CR. Prvotni bilanéni nastroj Justine [A14] pro vyrovnavani dat v hierarchické struktufe
byl piedstaven v praci [Z9]. Na dosavadni vysledky navazala prace [Z10] a [Z11].
U zminénych zavérecnych praci figuroval autor této prace jako konzultant nebo skolitel
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specialista. Vystupy nastroje Justine byly upraveny a vyuzity pro feSeni projekti [P8] a
pozdgji [P9]. Certifikovana metodika [P7] navazala na dosavadni ¢innost autora této prace
V oblasti progndzovani produkce odpadu. Metodika stanovuje obecny postup na sebe
navazujicich krokd, které by méla kazda progndza obsahovat. Podle metodiky [P7] ma
prognéza Ctyfi faze: piiprava dat, pre-processing, processing a post-processing.
V nésledujici ¢asti textu budou shrnuty hlavni myslenky a doporuceni pro prognézovani,
detaily Kk jednotlivym ¢astem vypoctu jsou K dispozici ve zminéné metodice [P7] a jejich
ptilohach [P10].

A)  PROGNOZA

Priprava dat

Data potiebna pro prognézovani lze ve vSeobecnosti rozd¢lit do dvou oblasti, a to data
0 produkci odpadt (ptip. zplisobl jeho naklddani) a data vlivnych faktorti. Obecné je
nejdiive nutno provést analyzu dostupnosti pozadovanych dat [A13]. Pti hledani vazeb mezi
daty o produkci odpadu a vlivhymi faktory se doporucuje znormovat data logickou
jednotkou (pocet obyvatel, rozloha atd.) a nasledné provést korela¢ni a regresni analyzu.
Analyza vazeb mezi produkci odpadu a vlivnymi faktory byla provedena v praci [Z12] a
V navazujici praci [Z13]. Z téchto praci vychazely dals$i analyzy a vysledky. Predikéni
modely prezentované ve studii [Al] ukazaly, ze na nizSich izemnich celcich pokryvaji tyto
modely velmi malou ¢4st variability. Nekteré vazby mohou byt vyrazné ovlivnény lokélnimi
podminkami a lze ocekévat odlisné vazby v riznych skupinach uzemnich -celkda.
V globalnim pohledu mohou tyto lokalni zavislosti zcela zaniknout. Pro jejich identifikaci
je vhodné hledat uzemni celky obdobného charakteru. Doporucuje se pouzit shlukovou
analyzu a hledat vazby pro vice disjunktnich soubori dat. Je velmi pravdépodobné, Ze se
nedostavi pozadovany vysledek z diivodu nedostatku vysvétlujicich proménnych.

Pro zahrnuti vlivnych faktorti do prognozy produkce odpadu je navic nutné, aby prognoza
vlivnych faktorti pokryvala cely predikéni horizont. Pro prognézu produkce odpadi se
z téchto divodti nedoporucuje vyuzivat jina data nez demografickd. Data z ostatnich oblasti
(sociologie, ekonomie atd.) maji obvykle vétsi variabilitu nez data o produkci odpadd a
neexistuji jejich dlouhodobé prognédzy [P11]. Kratkodobé progndzy téchto faktorti obvykle
vykazuji pfili§ velkou nejistotu 1 na rok dopiedu. Navic zde hrozi zmény V nalezenych
vazbach v Case, které mohou mit negativni dopad na kvalitu prognozy.

Pre-processing

Pti praci s ¢asovymi fadami je nutné se vypotadat s nékterymi vlastnostmi, které by mohly
vysledny model prognozy negativné ovlivnit. V ramci pre-processingu dat je proto nutné
vénovat pozornost anomaliim, jako jsou odlehlé hodnoty, skoky v datech a zmény trendu.
Reserse pro piistupy k pre-processingu dat na ¢asovych fadach byla vypracovana v ramci
projektu TIRSMZP719, vystup V7 [P12]. Historicka data 0 produkci odpadu mohou byt
ovlivnéna riznymi vlivhymi faktory (ekonomickymi cykly) a jednordzovymi vlivy
(pandemie covid-19), jejichz disledkem jsou zminéné anomalie v Casovych fadach
produkce odpadi. Jak uz bylo zminéno vyse, zaclenéni socio-ekonomickych dat do prognéz
je velmi omezené. Lze ale vyuzit vyhlazeni historickych dat o vliv riznych faktort.
Vyhlazeni je vhodné realizovat pouze na agregovanych datech za CR, protoZe data vlivnych
faktorii nejsou Casto pro vétsi uzemni detail dostupna. Nicméné vyhlazeni se projevi také do
niz§ich uzemnich celki diky vyrovnavani dat (viz nize processing). Hlavni mysSlenka
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vyhlazeni historickych dat vychazi z odhaleni vyznamnych faktort ovliviwgjicich produkci
odpadu. Nasledné nalezeni priimérného vyvoje a cyklu v datech vlivnych faktorti umozni
eliminovat tento vliv z historickych dat o produkci odpadu za pomoci regresniho modelu.

Pro dostatecné dlouhou tadu existuje celd fada metod detekce bodovych odlehlych hodnot
(napt. shlukova analyza, statistické vyhodnoceni, informacné teoretické a spektralni
metody). Dostatecna délka fady nebyva specifikovana, ale v jednotlivych studiich se typicky
pracuje s mens$im mnozstvim delsSich ¢asovych fad (alespon stovky pozorovani), vyjimecné
se objevuji metody pro casové fady obsahujici pouze vyssi desitky pozorovani. Pro kratké
asové fady (méné ne 20 pozorovani, co je piipad soudasnych dat OH v CR) viak nebyly
v dostupné literatufe nalezeny vhodné ptistupy. Autor tohoto textu doporucuje vyuzit
ptistup, ktery nejdfive odstrani trend z ¢asové fady a potom analyzuje rezidua. Tento postup
1ze povazovat za kombinaci statistickych metod. Kombinuje totiz metody pro nestacionarni
fady (odstranéni trendu) a klasické testy pro odlehlé hodnoty. Pro vyhlazeni trendu se
doporucuje vyuzit Holtovu metodu a nésledné analyzovat rezidua s vyuzitim Grubbsova
testu. Podrobny popis pfistupu je v piiloze (Pfiloha 3, certifikované metodiky [P10]). Pro
nckteré¢ typy dat mize byt vhodné analyzovat odlehlé hodnoty v podobé logaritmické
transformace dat o produkci odpadu. Mnozstvi identifikovanych odlehlych hodnot se touto
transformaci bude snizovat. To lze povaZovat za zadouci v piipadé, Ze se ocekava
heteroskedasticita v datech. Uskali nastava v ¢asovych fadach s vyskytem nulovych hodnot,
které nelze zlogaritmovat. V piipadé¢ vhodného oSetfeni nulovych hodnot se doporucuje
logaritmickou transformaci pro potieby analyzy odlehlych hodnot zvazit. Vhodné oSetfeni
by mélo vyznamné redukovat nebezpeci, Ze se nulova hodnota stane automaticky odlehlou
nebo bude mit vyznamny vliv na podobu trendu.

V pre-processingu je vhodné pracovat na standardizovanych datech. U identifikace
odlehlych hodnot standardizace neni nutna, avsak v piipadé detekce skokli a zmén trendu
v datech je dirazné doporucend. Umozni totiz stanovit pouze jednu kritickou mez stejnou
pro vSechna tizemi a frakci odpadu. Pokud by data nebyla standardizovana, bylo by zapotiebi
urcit kritickou mez pro kazdou casovou fadu zvlast. NavrZzeny postup pro identifikaci
odlehlych hodnot a zmén trendu je detailné popsan v certifikované metodice [P7]. Pristup je
zaloZen na posouzeni thli spojnic sousednich boda a hli, které subsekvence ¢asové fady
sviraji s X-ovou osou. Pokud byla produkce odpadu ovlivnéna vné&j$im zasahem (napf.
legislativou), ktery mél za nasledek systematickou zménu produkce, doporucuje se skoky a
zmeény trendu v datech neidentifikovat. U téchto ¢asovych tad se ocekava systematicky
vyvoj v podobé¢ S-kiivky a je vhodné pouZit pro prognézu celou historii ¢asové fady. Vhodny
pfistup byl publikovan pro bio-odpad v CR, u kterého doslo k legislativni zméné v roce 2014
[Al12].

Processing

V ramci ulohy feSené v projektu TIRSMZP719 [P2] (viz certifikovana metodika [P7]) byla
pro odhad vyvoje produkce odpadu zvolena metoda zalozena na modelovani trendu
V historickych datech pomoci vhodnych funkci. Divodem jsou nedostupné prognozy
vlivnych faktor pro dostatecné dlouhy €asovy horizont, takZe neni mozné vyuzit metody
z vétve regresnich modela (viz obr. 5). Kratka ¢asova fada v ro¢nim detailu zase omezuje
vyuziti nékterych ptistupl pro analyzu casovych tad, avSak na kratkych ¢asovych fadéach lze
uspésné¢ modelovat trend. Trend p; Vv historickych datech je mozné modelovat vhodnou
kiivkou f;, kde t je index casu:
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Pt = ft- 1)

Pfi vybéru funkéniho predpisu f; pro model trendu je nutné zohlednit vlastnosti vybranych

funkci s ohledem na oc¢ekavané chovani produkce odpadu. Je vhodné hledat kompromis

mezi kvalitou prolozeni podle zvoleného kritéria (napf. R?, MAPE) a vlastnostmi
vybranych funkci. Jak bylo zminéno v certifikované metodice [P7] nasledujici vlastnosti
funkce byly vyhodnoceny jako podstatné:

e Monotonie — tvar funkce pro model trendu ma za ukol zajistit, Ze se trend v prib&hu
horizontu progndzy nemeéni z rostouciho na klesajici a naopak. Trend se pfedpoklada za
monotonni, piipadné oscilace okolo trendu zptisobené sezdnni nebo cyklickou slozkou
neni mozné na kratké ¢asové fad¢ roéniho detailu sledovat. PoZadavkem na monotonii
se také snizi riziko preuceni modelu. Autofi metodiky [P7] doporucuji vyuzit pro
modelovani trendu mocninnou funkci. Vyhodou je jeji Siroké uplatnéni pro rostouci i
Klesajici trend.

e Omezeny rust — nékteré ¢asové fady nastolily v historickych datech velmi vyznamny
rust (resp. pokles), ktery mize mit az exponencialni charakter. Takovy vyvoj je ¢asto
zaznamenan po zmeéné systému, napf. sbérem nové frakce odpadu. Neni mozné
ocekavat, ze by tak zdsadni rhst dand casova fada vykazovala dale po cely horizont
prognézy. Trend produkce odpadu by v takovém pifipadé rostl nad redlné meze.
Pravdépodobnéjsi scéndt je takovy, ze az se bude produkce dané frakce blizit jeji
maximalni mozné vytéznosti, rist bude postupné¢ zpomalovat. V takovych ptipadech se
doporucuje modelovat trend pomoci kiivky ve tvaru pismene S, tzv. S-kiivky.

V nékterych piipadech neni vhodné hledat model trendu pomoci slozit¢ho funkéniho
predpisu. Jedna se zejména o ¢asové fady s vysoce variabilnimi daty, nebo o ptipady kdy
model trendu nemd piinos oproti jednoduchému modelu konstantniho prolozeni dat
(primérem dat, posledni hodnotou atd.). Pokud doslo v historickych datech k systematické
zméné trendu napft. z divodu zmény legislativy, doporucuje se pro model trendu aplikovat
pfistup zalozeny na teorii kredibility [A12]. Diky za¢lenéni kolektivni informace u takovych
modell je mozné modelovat reakci na zavedenou zménu také u ¢asovych fad, kde se tato
zmeéna zatim neprojevila.

Modely trendi obecné nezachovavaji hierarchické vazby, tj. soucet regionalnich trendt
neodpovida statnimu trendu a podobné je tomu i u vazeb frakci odpadu. K zajisténi téchto
vazeb ve vysledné progndze se doporucuje pouzit principy vyrovnavani dat. Model pro
vyrovnavani dat lze formulovat v aditivni nebo multiplikativni podobé (viz Piiloha 5
certifikované metodiky [P10]). Volba podoby modelu zavisi ptedev§im na vstupnich datech
a vypocetnich moznostech zvoleného fesice pro optimaliza¢ni ulohu. Multiplikativni podoba
zapisu ma vyznamnou vyhodu u odpadl s vysokou produkci, u kterych se pii testovacich
vypoctech aditivniho modelu vyskytovaly numerické a zaokrouhlovaci chyby (napt. SKO —
smésny komunélni odpad, v roce 2020 asi 2120 kt produkce na urovni CR). Na formé
modelu (aditivni nebo multiplikativni) dale zavisi nastaveni vah v tcelové funkci modelu
(viz Ptiloha 5 certifikované metodiky [P10]). Doporucuje se zahrnout dva typy vah:
e Vahy pro zajisténi totozné vyznamnosti vstupnich dat
Tento typ vah by mél zajistit, aby vstupni Udaje byly pro tcelovou funkci stejné
vyznamné formou standardizace vstupnich dat. Vzhledem k tomu, Ze se bilancuje
hierarchické struktura, jsou pfirozené vstupni data na urovni CR mnohonasobné vyssi
neZ data na niz$ich Grovnich, napt. ORP. Piipadné€ je mozné do vah zahrnout preferenci
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vyznamné odklani od trendu na vy$s$i urovni (viz Piiloha 5 certifikované metodiky
[P10]).
o Vahy zohlednujici kvalitu prolozeni dat

Casové fady historickych dat vykazuji riiznou variabilitu. Spolehlivéj$i model trendu
maji takova data, kterd historicky vykazovala stabilnéjs$i vyvoj. Potom je zadouci tento
trend zachovat i do budoucna. Véhovaci systém umozni kvantifikovat kvalitu prolozeni
historickych dat a jeji zohlednéni pfi bilanci (vyrovnani dat). VEétsi diivera je prisouzena
datlim se stabilnim trendem v historii.

Vyrovnavani dat ma navic schopnost upravit prognézy raznych casovych tad, pokud
z n¢jakého divodu doslo ke zkresleni trendu. Ukézka je uvedena na obr. 7. Data vykazuji
rostouci trend s vyznamnym nartistem v poslednim roce Casové fady. Nelze jednoznacné
stanovit, zda se v tomto roce jedna o odlehlou hodnotu. V pre-processingu nebyla odlehla
hodnota identifikovana, proto byl modelovan vyznamny narust trendu pomoci S-kiivky.
Diky vyrovnavani dat, kdy se bilancovaly trendy z ostatnich uzemnich celkii pomoci
hierarchickych vazeb, je vysledna prognoza vyznamné sniZzena oproti pivodnimu trendu.

produkee [t]

o Historicka data
—— Trend v historickych datech

© Prognoza

30000 ‘f' 90% konfidencni interval spolehlivosti
25000 A 90% predikeni interval spolehlivosti
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Obr. 7: Ukdzka vyrovnavani dat v prognéze produkce odpadu, TIRAMISO [P1]

V rozsahlych ulohdch miZze dojit k situaci, kdy nebude moZné najit optimalni feSeni.
Obvykile je v takovych ptipadech k dispozici alespon relaxované feseni, tzn. bilance nejsou
splnény presné. Pro nekteré tvorby progndz to nemusi byt problém. V opaénych piipadech
se doporucuje zmenSit optimaliza¢ni tlohu tak, ze budou bilancovany men$i mnoZiny
odpadovych toktl, napt. pouze pro jednotliva katalogova cisla.

Vystupem uvedenych krokii prognodzy jsou bodové odhady mnozstvi produkovaného
odpadu. Avsak jednim ze zakladu teorie pravdépodobnosti je skutecnost, Ze pro spojitou
nahodnou veli¢inu pravdépodobnost nabyti konktrétné stanovené hodnoty je nulova. Kvuli
tomu jsou ve velké mife pouZzivany intervalové odhady, které jsou schopné se zadanou
spolehlivosti stanovit meze pro vyskyt bodové hodnoty prognézy. Bodové odhady prognézy
jsou tedy doplnény o konfidenéni a predikéni intervaly. V pfipadé konfidenénich intervald
se jedna o interval spolehlivosti pro stiedni hodnotu produkce odpadu, tedy bilance.
Predikéni intervaly udadvaji nejistotu pro individudlni pozorovani zavisle proménné
(produkce odpadu). Protoze konkrétni hodnoty se v jednotlivych letech mohou odklanét od
trendu, predik¢ni intervaly byvaji SirSi nez konfidenéni intervaly. V rdmci certifikované
metodiky [P7] byla doporucena konstrukce intervalovych odhadd pomoci metody znamé
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jako parametricky bootstrap. Princip spoc¢iva v tom, ze se urci rezidua dat od trendu. Poté
probéhne generovani novych datovych sad tak, ze se z mnoziny rezidui vybere hodnota
rezidua, ktera se pficte k trendu. Na nové datové sad¢ se provede prognoza podle pristupu
uvedeného vyse Vv této kapitole, zahrnujici model trendu a vyrovnavani dat. Doporucuje se
realizovat alespon 30-50 bootsrapovych opakovani. Na zaklad¢ nové obdrzenych hodnot
progndz pro generovana data jsou konstruovany intervaly spolehlivosti pomoci Studentova
rozdéleni. Princip konstrukce past spolehlivosti je znazornén na obr. 8 a detailni popis
vypoctu je v Priloze 6 certifikované metodiky [P10].

e Historicka data ——Prognéza z historickych dat

> Generovana data ——Prognéza generovanych dat
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Obr. 8: Konstrukce konfidencniho intervalu, [P10]

B) PROJEKCE

Vysledkem prognozy je scénai BAU. Nastavaji vSak situace, kdy je do systému zasahovéano
zvnéjSku a tim je ménén historicky trend. Pomoci predikénich modeld je moZné
kvantifikovat dopad systematickych zmén a globalnich trendti na produkci odpadu. Zmény
vlivnych faktorti nelze vétSinou kvalitné progndzovat, proto jsou vysledkem expertniho
posouzeni (viz obr. 6). Z tohoto divodu se pristupuje ke konstrukci projekci, tj. scénait
budouciho vyvoje, ve vazbé na konkrétni okrajové podminky zvolené autorem scénare. Tyto
scénafe je mozné vytvaret s ohledem na cile OH, které jsou obvykle stanoveny na narodni
urovni. Nasledné€ jsou scénéfe pro narodni Uroven pieneseny az na troven obci. Projekce ma
tedy dvé Casti — sestaveni scénafe na narodni tirovni a rozpad scénaie na niz§i uzemni celky.
Vstupni informaci pro tvorbu projekei jsou vysledky prognézy (BAU), ktera je upravena
Vv ramci projekce tak, aby byly splnény podminky scénare.

Pro tvorbu projekci byl v ramci certifikované metodiky [P7] piedstaven piistup dle principti
znazornénych na obr. 6. Detailni popis pfistupu je také soucasti ptilohy 7 certifikované
metodiky [P10]. Tvorba projekci je predstavena na KO. Piedpoklada se, ze vnéjsi zasahy
mohou ovlivnit separaci odpadu a celkovou produkci odpadu prostifednictvim prevence pied
jeho vznikem. Vyssi produkce separované frakce odpadu ve scénafi je zpuisobena vyssi
separaci sledovanych frakci (napf. papir, plast, sklo) z neseparovaného odpadu (napt. SKO,
ObjO - objemny odpad). Autor scénafe ma moznost nastavit nasledujici hodnoty:
e prevence pred vznikem odpadu [%],
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e mira separace sledovanych frakci odpadu [%], ktera je vyssi nez v BAU.

Vysledek scénaie pro narodni tiroven je obdrzen vypoctem série rovnic, které jsou detailné
specifikovany v Pfiloze 5 certifikované metodiky [P10]. Hlavnimi vystupy jsou produkce a
sloZeni neseparovaného odpadu a produkce separovaného odpadu pro CR.

V dalsim kroku jsou néarodni cile pfeneseny do jednotlivych obci podle jejich potencidlu pro
zménu. Vyssi potencial pro zménu maji ty obce, které jsou podle BAU dal od maximalni
miry separace (potencidlu). Je tedy nutné stanovit maximalni miru separace, tj. pomér
vyseparovaného odpadu sledované frakce a celkového mnozstvi této frakce vcetné jejiho
zustatku v neseparovaném odpadu. Detailni popis pro urceni potencidlu obci pro zménu je
k dispozici v dokumentu (Pfiloha 7 certifikované metodiky [P10]). Pro scénafova feSeni na
urovni obci plati nasledujici:

e Scénar neptekracuje potencial pro zménu, ktery byl stanoven pro konkrétni
uzemni jednotku.

e Vsechny uzemni jednotky vykazuji posun ke splnéni scénare, pokud to potencial
dovoluje.

e Zména pro splnéni scénafe na nizsich celcich, nez CR probiha tak, Ze se jednotliva
uzemi v mife plnéni potencidlu neptedbihaji a maji monotoénni charakter. Toto
pravidlo by mohlo byt poruseno pro konkrétni piiklady obci, kde jsou k dispozici
dopliikové informace a lze pro né¢ sestavit samostatny model.

e Procentualni zména miry separace v jednotlivych obcich oproti BAU je linearni.
Tento vztah je dan zjednodusenim modelu. V piipadé vice dostupnych informaci
je mozné odhadnout i tvar nelinearni vazby mezi potencidlem a zménou, nebo
dokonce stanovit prubéh zmén individualné pro kazdou obec.

Pfinos scénafovych feSeni je zejména v piipadech, kde se vyskytuji vazby v datech. Mozné
navySeni separace odpadu v rdmci projekce je ovlivnéno potencidlem v neseparovaném
odpadu, prevazné¢ je feSena separace z SKO. Slozky SKO v sou¢asnosti nelze progndzovat,
protoZze neni k dispozici dostate¢na ¢asova fada o sloZzeni SKO. Vztah mezi mnozZstvim
separovan¢ho odpadu (SEP) a SKO byl nejdfive ovéfen statistickou analyzou dat, avSak
statisticky vyznamné vazby byly identifikovany pouze pro bio-odpad s katalogovymi ¢isly
20 02 01 a 20 01 08. Pro ostatni katalogova cisla statisticka analyza neodhalila vyznamnou
zavislost. V piipadeé, Ze statisticka analyza dat nepfinasi vyznamné vysledky pro popis vazby
SEP a SKO, doporucuje se aplikovat bilan¢ni model ptedstaveny v Ptiloze 7 certifikované
metodiky [P10] a publikaci [A15]. Modelované vazby mezi SKO a SEP jsou znazornény na
obr. 9. Znamé vstupni hodnoty jsou meziro¢ni zména produkce SKO (ASKOy, ;: f — frakce
odpadu, t —rok, j — izemi) a meziro¢ni zména SEP (ASEPf, ;). V modelu se minimalizuje
vliv nového odpadového toku (uy ¢ ;). Vystupem je odhad & ;, ktery udava, jaka Cast nové
vyseparovaného odpadu pochazi z SKO. Diky hodnot€ 65 ; je mozné odhadnout potencial
pro separaci frakce f z SKO na tizemi j a zohlednit jej v projekcich.
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Obr. 9: Schematické znazornéni presunu odpadu z SKO do SEP, upraveno z [A15]

Principy progndz a projekci zahrnuté v certifikované metodice [P7], které byly popsany
vyse, byly implementovany v software TIRAMISO ve verzi 1.0 spravovaného MZP.
Software TIRAMISO 1.0 obr. 10 slouzi k vytvoteni progndzy a scénait (projekci) produkce
odpadii v CR na trovni statu, krajii a ORP. TIRAMISO 1.0 vyuziva MZP ke zpracovani a
hodnoceni strategickych dokumentt v oblasti OH CR.

Tiramisn Radovan Somplak @ o
&  Uvodni strank z o
vednistrania Progndza produkce odpadu
B Historicka data Webova aplikace zpFistupfiuje dlouhodobou prognédzu odpadi na zékladé dat z integrovaného systému odpadovéhao hospodafsti (ISOH).
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Obr. 10: Software TIRAMISO [P1], vystup projektu TIRSMZP719 [P2]
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3.24 PLANOVANA NAVAZUJICI CINNOST

TIRAMISO 1.0 [P1] je zaméfen vyhradné na progndzu a projekci produkce odpadi. Na
konci projektu TIRSMZP719 [P2] byl nastroj TIRAMISO 1.0 piedan hlavnimu uzivateli —
MZP. Nastroj TIRAMISO 1.0 disponuje uZivatelskym rozhranim s moznosti tvorby prognéz
a projekci podle stanovenych kritérii. MZP tento néstroj vyuZiva zejména pro reportovani
stavu OH na statni i regiondlni Grovni a pro tvorbu strategickych dokumentt. Pfirozenym
pozadavkem MZP je disponovat podobnym nastrojem také pro nakladani s odpady. Navic
indikéatory OH, podle kterych je posuzovano plnéni milniki EU, jsou navdzany na zptsoby
nakladani s odpady. Progndzy a projekce nakladani s odpady jsou tedy zcela zasadni pro
planovani zmén v OH tak, aby CR byla schopna dosahnout cilti EU a vyhnula se sankcim,
které plynou z jejich neplnéni. Nastroj TIRAMISO 2.0 pro progndzu a projekci nakladani
s odpady by mél byt nastavbou na jiz existujici software TIRAMISO 1.0. Vazba mezi
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jednotlivymi moduly je znazornéna na obr. 11. V ptipadé¢ TIRAMISO 2.0 se piedpoklada
synergicka navaznost na predchozi vysledky, ¢imz je mozné efektivné vyuzivat prostiedky
na vyvoj vypocetnich nastroji.

[ T
[ I
Prognoza a projekce
Data o produkci Pre-processing dat 1 Progndza L, Tvorba projekci 8 p )
odpadu (PD ISOH) P g g (scénae) pro produkci
odpadu
1
Tvorba pasu
spolehlivosti
1
Vyrovnani dat
(hmotnostni
bilance)
1
Analyza trendu
TIRAMISO 1.0
Analyzy aspekt( . Data o nakladanis
ovliviujicich Data o nakladani s odpady z pohledu
naklddani s odpady Produkee z odpady z pohledu producenta
TIRAMISO 1.0 AR (REVEDATO02.0)
Vliv socio- (PDISOH) Scénar 1
ekonomickych l [
parametrd Proiekce iy
Prognéza na zakladé (vst:J . ol
historickych dat Poz)
Systematické zmény Sceénar 3
- legislativa
- technologie .
Komplexni predikéni Expertni .
model posouzent
Globalni trendy Lt Progndza a projekce
- sociologie pro nakladani
- ekonomika s odpady TIRAMISO 2.0

Obr. 11: Navaznost sofiwaru TIRAMISO 1.0 a TIRAMISO 2.0
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4 MODELY A PRISTUPY PRO PLANOVANI ODPADOVEHO A
OBEHOVEHO HOSPODARSTVI

Planovani v oblasti OH je velmi komplexni problematika, do které vstupuje mnoho
ovliviwyjicich faktord. Pro tvorbu koncepci a strategii v OH je zZadouci vyuzivat podplirné
nastroje. V ramci vyzkumnych aktivit autora vznikla cela fada téchto nastroju pro podporu
rozhodovani v OH zalozenych na optimaliza¢nich modelech, které je snaha uvadét do praxe.
V této kapitole budou postupné predstaveny piistupy pro odhad slozeni odpadu (kap. 4.1),
pro optimalizaci sbérné infrastruktury (kap. 4.2), pro logistiku odpadut (kap. 4.3) a pro navrh
zpracovatelské infrastruktury (kap. 4.4) a volbu technologii v ZEVO (kap. 4.5).

4.1 SloZeni odpadu

Podstatnou &ast KO tvoii SKO. V roce 2020 v CR se jednalo asi 0 49 % [B15]. Udaje
0 sloZeni SKO jsou proto nezbytné pro nastaveni strategii nakladani s KO. Jedna se zejména
0 planovani efektivniho sbéru odpadt, vyhodnoceni potencialu pro jeho separaci a recyklaci
a mozna zlepSeni ostatnich ¢asti fetézce naklddani s KO. Jednotlivé metodiky pro rozbory
SKO se lisi pfedevSim ve sledovanych frakcich, metodadch vzorkovani a statistickém
zpracovani vysledkd. V EU byla snaha sjednotit pfistup k rozborim SKO v podob¢ sady
doporuéeni v dokumentu SWA-tool [B16]. Pro CR vznikla jednotnd metodika provadéni
rozbortt SKO [P13] v ramci projektu TIRSMZP719 [P2]. Mén¢ ¢astou tlohou jsou rozbory
slozeni separovanych frakci odpadu. Ojedinélym ptipadem je napiiklad publikace [B17],
ktera se zabyva slozenim plastovych obalti za pomoci nékolika skenovacich technik.
Informaci o slozeni odpadu zpracovavaného ve zvoleném zafizeni je mozné odhadnout na
vystupu z tohoto zafizeni (energie, rezidua). Ptikladem muze byt analyza popilku po
zpracovani odpadu v ZEVO, jako byla prezentovana ve studii [A16].

Rozhodujici vliv na analyzy slozeni mé vice faktort, které souvisi s volbou ptistupti
Vv riznych Castech analyz. Souvislost a navaznost jednotlivych ¢asti znazoriiuje obr. 12.
Prvni otazkou (uloha 1 v obr. 12) je nalezeni vhodnych obci, kde maji byt rozbory
provedeny. Hledaji se podobnosti v oblasti socialnich, ekonomickych, demografickych a
dalSich faktorti. Je zasadni vybrat takové obce, které pokryvaji variabilitu celé oblasti.
Uloha 2 se zabyva vybérem odpadovych frakci, které budou pii rozborech sledovany. Volba
frakci odpadu zavisi zejména na ucelu realizace rozbort (1., Il., III. Groven). DlleZitym
bodem je stanoveni postuptl v souladu se statistickymi metodami (iloha 3). Druhy stupeni
stratifikace zahrnuje vybér jednotlivych sbérnych mist a nadob, kde budou rozbory
provedeny (tloha 4). Konkrétni mésto, které je reprezentantem na zakladé stratifikace
zulohy 1, lze rozdélit podle vybranych faktori do skupin. V téchto skupinach budou
vybirdny sbérné nadoby. Pfi vybéru obci a konkrétnich sbérnych mist k rozboru je Zadouci
vybrat takové vzorky, aby mély co nejvyssi vypovidaci hodnotu z hlediska celého uzemi.
RovnéZ je nutné volit frekvenci rozbord, a to jak v rdmeci tydne (na zakladé Cetnosti odbéru
a konkrétnich dnt svozu), tak v ramci celého roku s ohledem na sezonnost vyskytu nékterych
frakci. Analyzy je také vhodné opakovat (zvysSovat Cetnost vzorkll), dokud neni dosazeno
zadané¢ absolutni nebo relativni pfesnosti. Stézejni ¢asti je metodika analyzy slozeni odpadu
(uloha 5), které se mohou zna¢né lisit. Existuje nékolik standardizovanych metod pro
provadéni analyz [B16], [B18], které jsou definovany pfislusnymi smérnicemi. Dulezitou
soucasti celého pfistupu je zpracovani vysledkl pro odbérna mista. Vysledky jednotlivych
analyz se Casto vyrazné¢ lisi. Pouziti vhodnych statistickych metod miize urcit spravnost a
presnost vysledkt (loha 6). Uloha 7 se zabyvé agregaci vysledku za celou obec. Posledni
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¢ast tématu analyzy slozeni odpadu (tloha 8) by méla navrhnout metodu agregace dil¢ich
vysledki rozbort v obcich pro odhad slozeni odpadu na Grovni regionti a statu.

Které obce? Jsou vysledky spolehlivé? Jak shrnout vysledky?
Shlukovani a , Agregace
e Vyhodnoceni ’g & .
»  stratifikace ] y . vysledkd —
i . pfesnosti "
I Uzemi I I mésto/obec
Které frakce odpadu? Jak provést analyzu? Jak zobecnit agregované vysledky?
iy , . Agregace
Vybér frakci Metodika ,g & .
. vysledkl —
odpadu rozbor( . .
region/stat
Jak postupovat? Kdy a kde provést analyzu?
Vybér Vybér
statistické — sbérnych
I metody nadob
1. stupen 2. stupen 3. stupen

Obr. 12: Blokové schéma uloh reSenych pri analyze sloZeni odpadu, upraveno z [A17]

Podle provedené reserSe [Al7] se publikace ve vétSiné piipadi vénuji popisu metodiky
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studiich byla také detailnéji rozpracovana témata vybéru frakci odpadu (uloha 2).
V navaznosti na tyto zavery reSerSe [A17] byly vyvinuty pfistupy pro ulohu 1 (kap. 4.1.1) a
ulohy 3, 6, 7, 8 (kap. 4.1.2). Jedna se o Casti analyz, které maji zasadni dopad na vysledky
rozbort, ale ¢asto nejsou ve studiich zohlednény. Myslenky navrzeného obecného piistupu
piedstaveného v kap.4.1.1 a kap. 4.1.2 byly vyuzity u vystupu [P14] projektu
TIRSMZP7109.

41.1 STRATIFIKACE UZEMI

Z dtivodu omezenych zdroju (finan¢nich i jinych) neni mozné provést rozbory pro vSechna
tizemi. Re$enim je preferovat omezeny podet obci/podoblasti. Tyto obce (reprezentanti) by
meély byt schopny reprezentovat slozeni odpadu sledovaného regionu (statu), kterou tvoii
velké mnozstvi obci. Omezeny je 1 pocet analyzovanych nadob na odpad v daném uzemi.
Pro vybér reprezentantl byla navrzena viceuroviova stratifikace, ktera mtize pomoci ziskat
odhad slozeni odpadu pro celé Gizemi, viz obr. 13. Detailni popis pfistupu ke stratifikaci
uzemi je k dispozici ve studii [A17].

Stratifikace je provedena ve tfech Grovnich — primarni, sekundarni a terciarni stratifikace.
V primarni stratifikaci jsou obce rozdéleny na L strat (Stratum 1 aZ Stratum L), pficemZ plati
nasledujici vlastnosti:
e kazda obec patii pravé do jednoho strata,
e obce v danych stratech maji podobnou velikost (méfeno celkovym mnozstvim SKO
vyprodukovaného v této obci),
e strata maji podobnou velikost (méfeno celkovym mnozstvim SKO vyprodukovaného
v daném stratu).
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Kazdé stratum z primarni stratifikace je v sekundarni stratifikaci rozdélena pomoci shlukové
analyzy podle socio-ekonomickych a demografickych charakteristik obci, vystupem jsou
tedy shluky obci (C1 az Cn). Dale jsou zvoleni reprezentanti (R1 az Rn) téchto shluki (C1 az
Cn), vétsinou se jedna o centroidy shlukl (nize v textu bude popséana také moznost volby
vice reprezentantt v jednom shluku). V terciarni stratifikaci je vhodné rozdélit domacnosti
v dané obci do vice strat podobného typu (napft. sidlisté¢ a rodinné domy). Pro vybér
konkrétnich nadob reprezentantti v tercidrni stratifikaci je mozné vyuzit podobné principy
jako na narodni urovni. Pocet nadob analyzovanych v kazdém stratu (Stratum 1 az Stratum
L) by mél byt imérny mnozstvi vyprodukovaného SKO.

PRIMARNI || SEKUNDARNi |

e = - Shlukovani podle T -
Stratifikace Rozdéleni socio-ekonomickjch Vybér Vysledky

vSech obci reprezentant(i ve astatistickych | reprezentantd o
stratu parametri ;

Stratum 1

Nastavenihodnoty N, coi

Stratum 2

je pocet vybranych obci
(reprezentanti pro

Neni podrobné popsdno

obce za ucelem vybéru

Stratum L ————s o Moo |

Znaceni:
L — Navrieny pocet strat

77 — Polet reprezentantd ve straté j — —
] .
C; —Shluk Musi byt spInéno:
R; — Reprezentant shluku C; N = ry+1ry+ +1,

Obr. 13: Schéma vicevroviiové stratifikace a vybér reprezentantii, upraveno z [A17]

Stratifikace obci CR je znédzornéna na obr. 14, reprezentant kazdého shluku je zvyraznén
¢ervenym ohrani¢enim. Poslednim zastupcem je hlavni mésto Praha (C10). Z mapy je
patrné, ze rozdéleni obci do shlukd nezavisi primarné na jejich geografické poloze, ale jsou
distribuovany po celém uzemi. Zatazeni do shluki je urceno predevsim velikosti a dal$imi
charakteristikami, detaily jsou k dispozici v publikaci [A17].
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Obr. 14: Stratifikace obci CR a volba reprezentantii, upraveno z [A17]

V dosavadnich ptistupech pro stratifikaci je pro kazdy shluk vybran jeden reprezentant, ktery
nejlépe charakterizuje dané izemi. Odhad variability jednotlivych strat 1ze 1épe stanovit,
pokud bude vice reprezentantti V jednom shluku. Jedna se o novy pfistup k planovani analyz
slozeni SKO prezentovany v publikaci [A18]. Principem modelu pro volbu reprezentantt je
minimalizovat vzdalenost reprezentanti od ostatnich bodid a soucasné¢ maximalizovat
vzdalenost reprezentantli od sebe navzajem. Pocet reprezentantii v ur¢itém shluku je ptedem
zvoleny. Timto pfistupem je zaruceno, ze zvoleni reprezentanti co nejlépe popisuji charakter
shluku, kterému nalezi. Vysledky piipadové studie pro CR na trovni ORP jsou znazornény
na obr. 15.
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Obr. 15: Volba reprezentantii shlukii, tiroveii ORP CR, upraveno z [A18]

4.1.2 STATISTICKE ZPRACOVANI VYSLEDKU A AGREGACE UZEMI

Mezi podceniovanou tlohu v ramci analyz slozeni SKO podle provedené resersSe [Al7] patii
podrobné statistické zpracovani vysledkl a agregace namétenych dat z rozborti do vétsich
uzemnich celkl s vazbou na provedenou stratifikaci. Velmi ¢asto se z naméfenych dat urcuje
pouze pramérné slozeni vybranych frakci, variabilita dat nebo intervalové odhady slozeni
jsou uvadény pouze vyjimecné. Nakonec jsou ziskané vysledky Casto zobeciiovany na vétsi
uzemni celky bez logickych a statistickych postupti (viz certifikovana metodika [P13],
vypocty byly implementovany v nastroji [P15]). To nasledné vede ke zkresleni vysledk,
které jsou pak chybn¢ aplikovany pii planovani OH.

Vsechny publikace, které byly soucasti reSerSe v piispévku uvedeném v ptiloze 8 popisuji
vysledky rozbort jako pomér vybranych frakci odpadu na celkové hmotnosti. Vypocty vsak
predpokladaji normalni rozdéleni dat, které obvykle neni ovéteno pfisluSnou statistickou
metodou. U frakci, které maji v SKO vyznamné zastoupeni (napi. papir, plasty),
nepiedstavuje tento striktni pfedpoklad znaény problém. Avsak u frakci, které maji malé
zastoupeni (napf. elektroodpad, kov) by obsahoval interval spolehlivosti i zaporné hodnoty,
coz neodpovida skute¢nosti. Dal$i zasadni oblasti ovliviujici vysledky rozbort je stanoveni
poctu vzorkl tak, aby byla dosazena pozadovand ptesnost odhadii. VétSina piistupi se
zamefuje na relativni presnost. U frakei s malym podilem na celkové hmotnosti vyzaduje
pozadovand relativni pfesnost velmi velké mnozstvi vzorkd, coz neni Casové ani
ekonomicky mozné provést. Tento nedostatek do urcité miry eliminuje stanovena minimalni
absolutni pfesnost. Zde je v§ak nutné vhodnou metodikou rozlisit, které kritérium je vhodné
pro danou frakci, aby byla zajisténa dostate¢na piesnost a relevantni zavéry z ptipadovych
studii.

Ptistup k odhadu slozeni odpadii na zkoumaném izemi zavisi na Grovni stratifikace, ktera
byla provedena pied realizaci rozborti [A1l7]. Doporucuje se aplikovat vicestupniovou
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stratifikaci (viz obr. 13) s iterativnim hodnocenim piesnosti pro stanoveni poctu vzorku.

Vysledkem je odhad procentualniho mnozstvi frakce R,, (2):
~ Y (2)
=1 L

n n )]
i=1 T;

kde Y; je hmotnost sledované frakce odpadu (papir, plast, bio-odpad apod.) a T; je celkova
hmotnost odpadu v nadobé¢ i z celkového poctu n sbérnych nadob. Ziskana empiricka data
jsou statisticky vyhodnocena; pro kazdou ze sledovanych frakci jsou stanoveny bodové a
intervalové odhady. Intervalové odhady je mozné konstruovat pomoci Studentova rozdéleni
3):

(Rp —tqf(1 —a/2) vg , Ry + tqr(1 —a/2) vg ), 3)

kde tqr(1 — a/2) je 1 — a/2 kvantil Studentova t-rozd€leni s df stupni volnosti. Stanoveni
stupnti volnosti je detailné popsano ve studii V ptiloze 8. Jedna se o bézn¢ vyuzivany ptistup
ke konstrukci intervalovych odhadl. Z divodu symetrie vSak muze interval spolehlivosti
zasahovat do zépornych hodnot, coz je problém u frakci s malym procentualnim
zastoupenim. Asymetrické pasy spolehlivosti, které¢ nezasahuji do zépornych hodnot, je
mozné konstruovat pomoci logitové varianty (4). Z pohledu implementace se vSak jedna
0 komplikovangjsi ptistup nez ptedchozi varianta.
0, = log( RnA >, )
1—-R,

Alternativou je také vyuZiti bootstrapu, ktery je vypocetné jednoduchy, avSak velmi zavisly
na vstupnich datech. Doporucuje se tedy jeho vyuziti jako kontrolni prvek pro nékterou
z vy$e uvedenych variant.

Predstaveny pfistup je zaloZen na iterativnim statistickém vyhodnocovéni jednotlivych
analyz sloZeni odpadu, dokud neni splnéno kritérium relativni, nebo absolutni ptesnosti
Vv jednotlivych stratech. Relativni, nebo absolutni hodnoceni pfesnosti se stanovi podle
frakce odpadu. Jak uz bylo zminéno vySe, absolutni piesnost je vhodna u frakci s malym
podilem. Rozbory odpadi mohou byt v n¢kterych lokalitach pfili§ ndkladné nebo obtizné.
Pristup tedy poskytuje doporuceni pro piipadné pridavani novych vzorku tak, aby byl
ekonomicky co nejméné zatézujici.

Navrzeny pfistup ke zpracovani vysledkl z analyz slozeni odpadu (iloha 7 a tloha 8 na obr.
12) je soucasti ptilohy 4a [P15] Metodiky pro stanoveni slozeni smésného komundalniho
odpadu z obci a komundlniho odpadu [P13]. Ptiloha 4a [P15] je nastroj pro vyhodnoceni
vysledkl rozbort v podobé xIsm souboru, ktery pfimo implementuje principy predstavené
v kap. 4.1.2. Autor této habilitacni prace se podilel na vyvoji tohoto nastroje [P15], ktery
vznikal ve spolupraci s odborniky v oblasti statistiky z Matematicko-fyzikalni fakulty
Univerzity Karlovy.

4.2 Sbérna infrastruktura

Jednou z moznosti, jak zvysit separaci a naslednou recyklaci KO, je zapojovani novych
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mist, zejména s ohledem na dochazkové vzdalenosti, ma vyznamny vliv na kvalitu a miru
separace [B19]. Ukolem pro samospravy obci je tedy zajistit vhodnou infrastrukturu
sbérnych mist odpadi, kterd by méla byt navrZzena také s ohledem na ekonomiku daného
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feSeni. Naklady na vybudovani sbérné infrastruktury a jeji naslednou obsluhu jsou ovlivnény
predev§im mnozstvim sbérnych mist. Umisténi sbérnych mist pfimo ovliviiuje také svoz
odpadu, coz ma dopad na ekonomiku a environmentalni zaté¢z nakladani s odpady [B21].

V ramci rozsahlého vyzkumu lokacnich uloh, ktery se vénoval volbé vhodnych mist pro
umisténi néjakého prvku tak, aby byla dostate¢n¢ pokryta celd oblast, byly vytvotfeny
néstroje, které lze pouzit také k optimalizaci systémt nakladani s odpady [B20]. Uloha
kombinujici problematiku rozmistovani sbérnych nadob s naslednym planem svozu byla
definovana ve studii [B22]. Lokalita sbérnych mist, jejich kapacita, po¢et a svozové trasy
byly ve zminéné studii uréeny kombinaci exaktnich a heuristickych pfistupti. Infrastrukturu
sbérnych mist 1ze navrhnout podle riznych kritérii, ktera vSak jdou obvykle proti sob¢. Napf.
snizeni dochdzkové vzdalenosti nutné vede k vétSimu poctu sbérnych mist a tim i zvySeni
nakladi.

Pro feseni uloh rozmisténi sbérnych mist je zasadni zohlednit o¢ekavanou produkci odpadu
v dané lokalité¢ (viz kap. 3.2). Dale budou uvedeny modely pro optimalizaci sbérné sité
s jedno-kriterialni (kap. 4.2.1) a vicekriterialni (kap. 4.2.2) u¢elovou funkci.

4.2.1 JEDNO-KRITERIALNI LINEARNI MODEL

Model je sestaven jako tloha smiseného celociselného programovani s cilem minimalizovat
celkovy pocet sbérnych mist, pficemz je omezena primérnd dochazkovéd vzdélenost.
Vysledkem je tedy optimalni pocet sbérnych nadob a jejich lokace. Zohlednéna je kapacita
sbérné sité, ktera musi pokryt celkovou produkci dané frakce odpadu. Produkce odpadu se
mize vyznamné liSit v riznych obcich a tuto variabilitu je nutné zohlednit, aby méla
navrzend sbérna sit’ vyhovujici kapacitu.

Publikace [A19] predstavila feSeni koncepéniho planovani pro analyzu potiebného
rozmisténi nddob na regiondlni urovni. V ptipadé chybéjicich hodnot se doporucuje vyuzit
shlukovou analyzu pro popis variability mezi obcemi a nasledné pomoci regresni analyzy
modelovat pozadovany pocet sbérnych nadob.

Ptipadova studie jedno-kriteridlniho modelu byla prezentovéana pro jedlé tuky a oleje. Obce
v CR jsou od roku 2021 povinné uréit mista pro jejich separovany sbér [B23], bylo tedy
nutné pro tuto novou frakci odpadu zajistit potfebnou infrastrukturu. Komplexni feSeni pro
celou CR by vyzadovalo kvalitni stratifikaci a mnoho vypoétii pro reprezentativni obce.
Z ditvodu vypocetni narocnosti byl pro piipadovou studii vybran Zlinsky kraj, avSak
s ohledem na podobnost regionil jsou n€které¢ vysledky aplikovatelné i na ostatni regiony
[A19]. Na zakladé vypoctu se doporucuje piidélit 609 kontejnerd pro Zlinsky kraj, coz
odpovidéa v priméru 950 obyvatellim na jeden kontejner. Doporuceny pocet kontejnerii pro
obce Zlinského kraje je znazornén na obr. 16. Obecna povaha tohoto pfistupu umozinuje
podobné planovat dalsi frakce odpadu, coZ miiZze byt uZitecné zejména pro nové frakce
odpadu, jako je textil, ktery méa byt v CR povinné separovan nejpozdgji od roku 2025 [B23].
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Obr. 16. Zndzornéni navrzeného poctu sbérnych nadob pro oddéleny sbér jedlych tukii a oleji,
Zlinsky kraj, upraveno z [A19]

4.2.2 VICE-KRITERIALNI LINEARNI MODEL

Rozsiteni modelu piedstaveného v kap. 4.2.1 o dalsi kritéria vedlo k formulaci vice-
kriterialni ulohy smiSeného celoCiselné programovani [A20]. Byla uvazovana nasledujici
kritéria, které je cilem minimalizovat:

dochazkova vzdalenost — ochota obyvatel separovat odpad;

pocet sbérnych mist — ndklady na svoz odpadu;

naklady na poftizeni sbérnych nadob;

doba nutna k obslouzeni sbérnych mist — néklady souvisejici s obsluhou sbérnych
mist.

Uloha je schematicky znédzornéna na obr. 17.
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Obr. 17: Zndzorneni pristupu pro optimalizaci sbérné sité, upraveno 7 [A20]

V prvnim kroku jsou v ramci pre-processingu vybrany kandidatské lokality pro umisténi
sbérného mista podle produkce odpadu a poc¢tu obyvatel v okoli této lokality, viz obr. 17.
Daéle jsou definovany rtizné podoby jedno i vice-kriteridlnich modell s riznou kombinaci
uvedenych kritérii. Jednotliva kritéria mohou v ucelové funkei jit proti sob¢, kdy snizeni
jednoho kritéria (napt. dochazkové vzdélenost) vede ke zvySeni jiného kritéria (napt. pocet
sbérnych mist). Vysledky jsou prezentovany na vybrané obci CR pro separovany plast.
Nejlepsich vysledkti dosahuje vicekriterialni model, ktery minimalizuje zhorSeni od
optimalnich hodnot v§ech jednokritérialnich tloh. Byly posouzeny pofizovaci naklady pro
zfizeni infrastruktury sbéru plastového odpadu pti vyuziti riznych typt t¢elové funkce. Tyto
naklady jsou Vv testované obci o 23 % nizs$i (pro model minimalizujici zhorSeni od
optimalnich hodnot vSech jednokriteridlnich Gloh) nez ve srovnani s dalSim testovanym
vicekriteridlnim modelem na principu min-max. Tato niz$i pofizovaci cena je na ukor
dochazkové vzdalenosti, ktera je pro model ,min-max“ o 12 % niz§i nez pro druhy
posuzovany model. Navrzend metoda slouzi zainteresovanym subjektim a samospravam
obci k rozhodovani o poctu kontejnert k ndkupu a jejich rozmisténi na analyzovaném tizemi.
Pfidanou hodnotou ptedstaveného pftistupu v [A20] je i omezeni souvisejici s minimalni
naplnénosti nadob a primérna naplnénost za vSechny nadoby.

Podobu modelu pro optimalizaci sbérné infrastruktury na daném tzemi je vhodné volit
v zavislosti na cilech a rozsahu konkrétni ulohy. Vzdy se vSak doporucuje zohlednit
ocekavanou produkci odpadu (kap. 3.2) a vhodné tak dimenzovat kapacitu sbérné sité.
V ptipade¢, ze se jedna o zcela novou frakci odpadu, miize zdsadni informaci pfinést potencial
separace tohoto odpadu odhadnuty na zaklad¢ sloZeni neseparovaného odpadu (kap. 4.1).
Nasledné je nutné piizplsobit svoz odpadu v ramci obce (kap. 4.3).

4.3 Logistika odpadii

Ze sbérnych mist je odpad svaZen v ramci obce a nasleduje meziméstskd preprava az do
zafizeni ke zpracovani odpadu. Optimalizaci svozovych tras je moZzné dosahnout snizeni
nakladt a dopadti na zivotni prostiedi [B24]. Piehled existujicich a nové vyvijenych variant
feSeni problémd svozu odpadu byl predstaven v reSerSi [B25]. Z divodu feSitelnosti
rozsahlych tloh jsou ¢asto aplikovany heuristické ptistupy. Jak bylo zminéno, nové modely
by mély brat v avahu ruzny tGcel feSenych tloh a metriky pro vyhodnoceni vhodnosti daného
feseni. ReSerse [B25] shrnuje soucasné nedostatky, posledni sméfovani vyvoje, a hlavné
nové vyzvy pii navrhu a vyhodnocovéani svozovych uloh. VétSina dosavadnich modeld
vyuziva routingové algoritmy pro minimalizaci ceny za svoz odpadu nebo piipadné
v kombinaci se zohlednénim ekologického hlediska [B25].
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Pro planovani nejvhodnéjsich svozovych tras v ramci obce byl na principu ARC (Arc
Routing Problem) vytvoien nastroj NERUDA Street [A21], ktery je jednim z modult
nastroje NERUDA (viz kap. 4.4) a byl vyvijen v ramci prace [Z18]. NERUDA Street je
mozné vyuzit pro optimalizaci svozovych tras a také pro hodnoceni dopadu zmén v systému
(nové sbérné misto, dalsi separované komodity atd.). Doprava je modelovana na mapovych
podkladech OpenStreetMap. K zajisténi efektivnéjsiho a uspornéj$iho systému sbéru se
zatina vyuzivat koncept smart city collection. Hlavnim prvkem toho pfistupu je zavedeni
snimacl do sbérnych nadob. Jejich realné vyuziti je mozné hlavné diky sniZujici se
pofizovaci cen¢, COz otevird prostor pro efektivnéjsi planovani svozu odpadu. Posouzeni
rozdila statického planovani oproti dynamickému bylo provedeno v [B26] na realnych
datech ze Svédska pro KO. Byla zde provedena simulace, ktera analyzovala ndkladovost a
dalsi indikatory pro navrzeni optimalniho systému, pticemz dynamické planovani vykazalo
lepsi vysledky. Implementace sit¢ bezdratovych senzorit ve sbérnych nadobach byla
analyzovana v [B27]. Zde byla pfedstavena monitorovaci aplikace pro zjisténi aktualniho
stavu naplnénosti. Dale byla zkoumana Zzivotnost téchto senzorti a jejich pouzitelnost
v oblasti KO. Na zaklad¢ vysledkt 1ze konstatovat, ze vyuZiti dat ze senzorti ve sbérnych
nadobach miize vyznamné snizit provozni néklady celého systému. Z NERUDA Street
vychazi nastroj POPELKA (Modul 1), viz kap. 5.3.4.

Pii optimalizaci mezimé&stského svozu odpadu je rozhodujici misto a zptisob zpracovani, coz
ma vliv na celkovou cenu za nakladdani s odpadem a ekologickou zatéz pro konkrétniho
producenta. Na zakladé této myslenky byl sestaven matematicky model [A22], ktery
zohlediiuje riznou cenu za zpracovani odpadu v jednotlivych zafizenich a produkci
sklenikovych plyn prostfednictvim potencialu globalniho oteplovani (GWP — global
warming potential). Jedna se o vicekriteridlni optimalizaci zohlediujici naklady a
ekologickou zatéz. Z dtivodu slucovani a rozdélovani tokti neni z vysledku modelu [A22]
znama informace o tom, kam byl pfevezen odpad od konkrétniho producenta a vysledkem
je vicezna¢né feseni. Publikace [A22] navrhuje feSeni pro odhad nakladd a ekologické zatéze
pro jednotlivé producenty prostiednictvim modelu toku v siti, kdy se sestavi poradi vybéru
pro producenty metodou Monte Carlo. Ulohy optimalizujici dopravu odpadu vétsinou
zahrnuji ekonomickd a globalni environmentalni kritéria, nicméné dulezitou roli hraji také
pfimé mistni disledky, které by mély byt zohlednény. V piispévku [A23] je navrzeno
hodnoceni OH s ohledem na dopad emisi na mistni obyvatele zijici v blizkosti cest a
zpracovatelskych zatizeni. Vypocet emisi produkovanych pii pfepravé odpadt zohlediuje
vyskové profily tras, zatizeni kontejnery a konkrétni typy vozidel. Nasledny odhadovany
dopad na obyvatelstvo pocitd se vzdalenostmi mezi dopravnimi trasami resp.
zpracovatelskymi zatizenimi a obcemi a soucasné zohlediuje velikost obci z hlediska poctu
obyvatel. Pro toto vyhodnoceni jsou dopravni trasy rozdéleny na mensi segmenty. Tento
ptistup aplikovany na celou sit’ pak poskytuje vstupni data potifebna pro budouci vyzkum
novych strategii ptfi problémech s vybérem umisténi zatizeni.

Meziméstska doprava odpadu miZze byt zefektivnéna piekladkou odpadu z béZznych
svozovych automobilii (,,kuka voz(“) na velkokapacitni vozy. Za timto ucelem jsou
budovany piekladaci stanice. Lze ocekavat, ze vyznam piekladacich stanic v CR
Vv nasledujicich letech poroste v souvislosti s omezovanim skladkovani odpadu (Zakon
541/2020 Sb., o odpadech). Dopravni technicko-ekonomické modely pro posouzeni
dopravni ceny pro rizné scénafe byly predstaveny v praci [B29]. Pro navrZeni sité
prekladacich stanic byl sestaven dvoustupnovy stochasticky model [A24]. Navrh
prekladacich stanic tvofi kompromis mezi ekonomikou (ofekdavané néklady) a
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environmentalnim aspektem (vzdalenost piepravy). V aplikaci pro CR bylo generovano
10 000 scénaiti vyjadfujicich nejistotu vstupnich parametrti, vysledkem je robustni sit
piekladacich stanic zohlednujici také ptfeshrani¢ni prepravu odpadu. Ukézka vysledkl
preferujicich environmentalni aspekt v i¢elové funkci je zobrazena na obr. 18.
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Obr. 18: Ukdzka vystupu pro planovani prepravy odpadu, upraveno z [A24]

4.4  Zpracovatelska infrastruktura

Preference zptisobti nakladani s odpady je definovana Hierarchii nakladani s odpady [B1],
ktera podporuje prechod na ObH. Tato hierarchie upfednostituje prevenci pred vznikem
odpadli, nasleduje opétovné vyuziti, materialové a energetické vyuziti a posledni je
odstranéni odpadti [B28]. Jiny pohled nabizi porovnani riizného zptisobu nakladani s odpady
podle produkce sklenikovych plynt (viz publikace [A25] pro SKO). Jedna se o frakci
odpadu, ktera je stale vyznamnou mérou skladkovéna (asi 77 % v CR v roce 2020 [B15]) a
ma potencidl pro vhodnéjsi vyuziti. Konkrétn€ bylo posouzeno energetické vyuziti odpadu
v ZEVO, skladkovani a mechanicko-biologicka uprava (MBU) s naslednym vyuzitim paliva
ziskaného z odpadu. Protoze energetické vyuziti je preferovany zpisob nakladani s SKO byl
také kvantifikovan vliv rizného slozeni SKO na produkci GHG (greenhouse gas). Vysledky
ukazaly, Ze zvySeny obsah plasti v odpadu zpracovavaném v ZEVO zhorSuje produkci
GHG. Dale bylo prokéazano, ze pokud je poptavka po teple, jedna se o vyhodnéjsi zpisob
zpracovani odpadu nez vyroba elekttiny z pohledu produkce GHG produkovaného ZEVO a
GHG v ptipadé¢ jinych zdroja energie.

Pfechod na ObH vyzaduje vytvofeni nezbytné infrastruktury pro zpracovani, ktera pokryva
vSechny stupné hierarchie nakladani s odpady, vhodné umisténi zpracovatelskych kapacit a
navrh dopravni infrastruktury véetné piekladacich stanic. Pro podporu planovani investic
v OH byl vytvofen nastroj NERUDA [A26]. Tento nastroj optimalizuje logistiku odpadu a
zohlediiuje rizné situace budoucich podminek, zejména moZzné umisténi novych
zpracovatelskych zafizeni. Modely implementované v NERUDA prosly postupnym
vyvojem vramci vyzkumnych aktivit a zavérecnych praci. Prvotnim vystupem,
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prezentujicim modely, které byly pozdéji implementovany Vv nastroji NERUDA, byla prace
[Z14], na niz navazala prace [Z15]. Vypocet na realné siti s ohledem na vypoctovou
naro¢nost byl analyzovan [Z16]. Deterministické a heuristické ptistupy byly nasledné
implementovany v praci [Z17] sdirazem na pfiblizeni modelu realné uloze v OH.
Komplexni piistup k planovani svozu odpadii zahrnujici ptipravu dat, tvorbu dopravni
infrastruktury, alokaci sbérnych nadob atd. byl pfedstaven v praci [Z18]. Nastroj NERUDA
pro planovéani novych kapacit ZEVO implementuje mimo jiné poznatky zuvedenych
zavereénych praci a byl prezentovan v publikaci [A27]. Princip je zaloZen na minimalizaci
ceny za dopravu odpadu a jeho zpracovani. Pfipadova studie v [A27] byla provedena pro
infrastrukturu OH v CR, stochastické parametry vstupujici do vypoétu byly modelovany
pomoci Monte Carlo simulace. Kli¢ovymi prvky pro tuto piipadovou studii byla
zpracovatelska zatizeni (ZEVO, skladky, MBU, zatizeni pro zpracovéni paliva ziskaného
zodpadu) a ORP jako producenti odpadu. Znazornéni dopravni infrastruktury pro
modelovanou situaci v [A27] je na obr. 19. V piispévku [A28] byla provedena analyza rizik
spojenych s omezenymi zdroji odpadu jako paliva pro ZEVO. Vypocet byl proveden
v nastroji NERUDA, nalezené¢ vazby je vhodné zohlednit pii pldnovani novych
zpracovatelskych kapacit.

zafizeni na energetické vyuziti odpadu
skladka

spalovna odpadu pro tvorbu druhotnych paliv
mésto

hrana pro prevoz odpadu

Obr. 19: Dopravni infrastruktura CR modelu s klicovymi prvky, upraveno z [A27]

Reserse [B30] poskytuje piehledovou studii pro planovani v systémech dodavatelského
fetézce, véetné nakladani s odpady. Piispévky diskutované ve zminéné resersi pojednavaji
0 ruznych typech udrzitelnosti systému, kterym se vénoval i autor této prace. Specificka
rozhodovaci kritéria se tykaji nasledujicich aspekti:

Ekonomické aspekty

Minimalizace celkovych ndkladi je zékladnim a nejCastéji pouzivanym ukazatelem
ekonomicky orientovanych vypocti udrzitelného fetézce [B31]. Naklady se zdaji byt
dostate¢nym ukazatelem, zvlasté pokud je podoba infrastruktury stabilni a jsou pfijimana
pouze taktickd rozhodnuti; navic se jedna o nejjednodussi kvantifikaci ekonomiky projektu.
Cista soudasna hodnota nebo vnitini vynosové procento se posuzuji méné ¢asto [B32], a to
zejména v pripad¢ strategickych rozhodnuti, napf. vystavby nového zafizeni. Pro
vyhodnoceni ekonomiky vystavby novych zafizeni bylo na UPI sestaveno vice modeli a
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vhodnost jejich aplikace zavisi na typu ulohy. Investiéni riziko vystavby ZEVO bylo
kvantifikovano v publikaci [A28]. V tomto ptispévku byly piedstaveny zakladni vlastnosti
nastroje NERUDA (viz vySe) zejména pro alokaci zpracovatelské kapacity. Optimalni
svozové oblasti byly porovnavany s kapacitou nového projektu, dostupnost odpadu jako
paliva pro ZEVO byla simulovana v rtiznych scénafich. Hlavnim rizikem ve vystavbé
nového ZEVO v provedené studii byla nejistd dostupnost odpadu. Pro kvantifikaci tohoto
rizika byl definovan pojem faktor dostupnosti odpadu [A28].

Prace [Z19] se vénovala vystavbé novych ZEVO v lokalité, kde je jiz provozovano stavajici
energetické zafizeni — teplarna. Byl vytvofen matematicky model pro posouzeni ekonomické
efektivity spoluprace s pouzitim spole¢né technologie. Pro vyhodnoceni dlouhodobé
ekonomické udrzitelnosti ZEVO v zavislosti na umisténi zatizeni byl sestaven model [A29].
Ekonomika projektu byla optimalizovana prostiednictvim minimalizace nakladi na
ptepravu odpadu od producenta do tohoto zafizeni a maximalizace vynost z poplatkl za
zpracovani odpadu a prode;j tepla a elektiiny. Z diivodu problematické fesitelnosti llohy byl
sestaven meta-heuristicky algoritmus.

Provoz ZEVO je vyznamné ovlivnén slozenim odpadu, ktery je v daném zafizeni
zpracovavan. Kromé o¢ekavaného mnozstvi odpadu uréeného ke zpracovani v planovaném
zatizeni by mélo byt zohlednéno také jeho slozeni. Publikace [A30] piedstavuje model pro
planovani vhodné lokality a kapacity ZEVO zavedenim stochastického linearniho modelu,
ktery zachycuje nejistotu slozeni odpadu prostiednictvim scéndit mozného budouciho
vyvoje. Model je formulovan s cilem minimalizovat poc¢atecni investici 1 ndklady na chod
zatizeni. Vysledky modelu poskytuji vhled do ekonomiky provozu a identifikuji dilezité
faktory udrzitelnosti systému nakladani s odpady.

Pro vyhodnoceni ekonomickych aspekti OH pfi plnéni cild EU byl navrZzen model
vicestupniového stochastického programovani [A31]. Nejista produkce odpadu je v modelu
zaclenéna v podobé¢ vice scénaii, konkrétné byla studie v ptispévku [A31] provedena pro tii
ruzné scénatfe produkce odpadu. Soucasné je zohlednéna aktudlni mira materidlového
vyuziti. Tento pfistup byl aplikovan na OH v CR s daty z roku 2017. Jednim z hlavnich
prinosu je srovnani modeld s progresivnimi cili a bez téchto cilti. Model s progresivnimi cili,
zohlediiuje postupné cile CEP v letech 2025, 2030 a 2035. Model bez progresivnich cilii
pracuje pouze s finalnim cilem v roce 2035. V modelu s progresivnimi cili byla doporuc¢ena
kapacita ZEVO 981 kt jiz v roce 2020 oproti 741 kt stavajicich kapacit v roce 2017. Druhy
model bez progresivnich cil navrhuje zcela opacnou strategii a navrhuje pockat se zménami
ve zpracovatelské infrastruktuie do posledni chvile, kdy maji byt plnény cile EU. Zminéné
scénare jsou znazornény na obr. 20. Vyhodou modelu je moznost jeho vyuziti pro planovani
,rolling-horizon®, je tedy mozné vysledky po né¢kolika letech znovu piepocitat S nové
dostupnymi daty a aktualizovat nadchazejici rozhodnuti o nové dostupné informace.
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a) Model s progresivnimi cili b) Model bez progresivnich cilii
Obr. 20: Zpracovani komundlniho odpadu v CR, upraveno z [A31]

Environmentalni aspekty

Z hlediska environmentalniho hodnoceni systému je vyznamny rozdil mezi pouzivanymi
ukazateli. Velka pozornost je vénovana emisim oxidu uhli¢itého, a to pfimym hodnocenim
uhlikové stopy [B33] nebo vypoctem sklenikovych plynt prostiednictvim GHG, viz [B34].
Dale se bézné pouziva GWP pro srovnéni vlivu jednotlivych polutantli na zmény zivotniho
prostiedi, viz [B35]. Dalsim bézn¢ pouzivanym indikatorem je zména klimatu, viz [B36].
Vsechny tyto indikatory poméhaji vyhodnotit dopad systémil na Zivotni prostiedi ve vztahu
ke globalnimu oteplovani. Dalsi dtlezitou kategorii dopadi na zivotni prostiedi je redukce
a recyklace odpadu, viz [B37]. VySe uvedené publikace se zamé&fuji vyhradné na jeden
z ukazateli; to vSak mize vyrazné zkreslit kone¢né vysledky. Pfistup tzv. hodnoceni
zivotniho cyklu (LCA - life cycle assessment) obvykle zahrnuje vice nez jeden
environmentalni aspekt, viz [B38].

Nastroj NERUDA ptizpisobeny pro variantu NO byl aplikovan v ptipadové studii [A9].
Model byl sestaven na vicekomoditni siti toku odpadu véetné proudt popisujicich vymeét
odpadu ze zpracovatelskych zatizeni, aby co nejlépe simuloval realnou situaci OH.
Zohlednéna je soucasnd produkce odpadu a taky vyhled produkce do roku 2030 a poté je
posouzena kapacita infrastruktury zatizeni na zpracovani NO. Vysledky studie ukazaly na
nedostateCnost moznosti tepelného zpracovani a stabilizace NO. Navrhuje se roz$ifeni
kapacity spalovani, protoze to ovliviiuje stabilizacni jednotky, které musi zpracovavat
zbyvajici odpad. Doporuc¢ené¢ navySeni kapacit je az 0 100 % sriznym podilem
Vv jednotlivych krajich.

Socialni aspekty

Mezi nejcastéji hodnocené indikatory kategorie socidlnich aspektl patii tvorba pracovnich
mist, bezpecnost, zdravi a dalsi, viz [B39]. Kromé toho se pii planovani v OH vyznamné
projevuje tzv. efekt NIMBY (Not-In-My-BackYard), jak uvadi [B42]. NIMBY
charakterizuje postoj lidi, ktefi odmitaji, aby obecné prospésny projekt (napf. vystavba
zpracovatelského zatizeni) byl realizovan v blizkosti jejich domova.

Vicekriterialni pristupy

Komplexni pohled na systém nakladani s odpady by mél brat v Givahu vice nez jen jeden
aspekt diskutovany vyse. Posouzeni ekonomického a environmentéalni hlediska je nejcastéjsi
ptistup pii hodnoceni vystavby nového zafizeni. Jak bylo zminéno v pfispévku [A32]
vhodnym zplsobem zpracovani SKO je v ZEVO, které zpohledu ekologické zatéze
nahrazuje skladky a soucasné vyrobu energie z fosilnich paliv. Pro vyhodnoceni ekonomické
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stability ZEVO je nutné zohlednit odbér tepla a elektiiny. Dokument [A32] analyzuje vztah
mezi emisemi sklenikovych plynti a naklady na zpracovani SKO a posuzuje dopad rtiznych
moznosti zpracovani na zivotni prostiedi. Model je sestaven jako uloha reverzni logistiky
S nelinearnimi vazbami ve vztahu nékladi na zpracovani SKO. Studie je provedena pro
zpracovani SKO v CR na trovni ORP a vychazi ze skute¢né infrastruktury v roce 2016.
Navrzeny koncept pro rok 2016 umoznuje snizit produkci sklenikovych plynti o 150 % (efekt
sniZeni produkce energii z primarnich zdroju) pfi navySeni nakladi na nakladani s SKO asi
0 2,5 EUR/t. Komplexni pohled na sit’ infrastruktury pro nakladani s odpady byl zpracovan
v praci [Z21], na kterou navazal ptispévek [A33]. Cilem modelu je navrhnout vhodny pocet
a umisténi zafizeni na zpracovani a predupravu KO, jedna se o tfidici a dotfid'ovaci linky,
ZEVO a skladky. Je zohlednéna separace odpadu a jeho doprava. Dilezitym bodem je
zahrnuti vyméth z dotfid'ovani KO do vypoctu. Infrastruktura je i v tomto modelu navrzena
s ohledem na ekonomiku a environmentalni zatéz (viz obr. 21).

Druhotné surovin %7\ Tideni Separace
y LN a tridéni

Tok na

edq zEVO dotfidovaci linky

. Tok na

aide. siizaky ] ok na

= Tok na

Vav, Transport t skiadky

" i proote™
Vicekr\ﬁef\a\n\ ’ ‘

Cena | Emise

Obr. 21: Koncept toku komundiniho odpadu, upraveno z [A33]

Model pro navrh optimalni sit€¢ nakladani sodpady zohlediujici ekologicky,
environmentalni i socialni aspekt, byl predstaven ve studii [A34]. Produkce odpadu v tomto
modelu je ovlivnéna postojem producenti k predchazeni vzniku odpadu, pficemz prevenci
je v modelu mozné podpotit investici do propagace. Produkce odpadti a jejich dostupnost se
promitd do ceny za zpracovani. Navrzeny byly nelinearni zavislosti popisujici Vliv
jednotlivych faktori na cenu nakladani s OH. Z divodu feSitelnosti byly tyto vazby
nahrazeny po ¢astech linedrni aproximaci. Model kombinuje ¢tyti ti€elové funkce. Vysledky
modelu pro CR odhalily potencial pro prevenci vzniku odpadu v obcich CR, na druhou
stranu zvySovani recyklace odpadu je limitovano z ekonomického hlediska. V ptipadé
upfednostnéni environmentalniho aspektu model doporucuje realizovat investici pro
podporu recyklace odpadu.

Piistupy zaloZené na teorii her

Zmény v OH souvisejici zejména s CEP (kap. 2) vyZzaduji spolehlivé strategické planovani
od vSech zucastnénych stran: vlada, investofi projektl, provozovatelé zatizeni, svozové
spolecnosti, obce apod. Obce mohou snizit své ndklady na OH spolupraci mezi obcemi
prostfednictvim vytvateni koalic (svazkli obci). Meziobecni spoluprace umoziuje
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optimalizovat materialové (odpadové) a finan¢ni toky, sdilet fixni naklady obecnich a
regionalnich systémd, realizovat Gspory diky vét§imu rozsahu zakazky, snizovat transakéni
naklady na fizeni apod. Pro seskupovani obci do svazkii byl formulovan model zaloZzeny na
subaditivni teorii her s mnoha hraci [A35]. Subaditivnost potencialné vede k vytvoreni velké
koalice, coz pro fadu hract neni realné, protoze udrzeni takové struktury vyzaduje dalsi
investice. Aby bylo mozné rozumné implementovat pravidla slouceni a rozdéleni do
uvazované hry, byl zaveden model nakladii na spolupraci. Tato tUprava umoziuje
manipulovat s procesem tvorby koalice pomoci penalizace. Naklady pro jednotlivé obce
byly rozdéleny pomoci Shapleyho hodnoty [B43]. Piistup byl ovéien na piipadové studii pro
47 ORP v CR. Po aplikaci uvedené metody byla asi polovina ORP zapojena do n&jaké
koalice pod vyslednou koali¢ni strukturou a jejich uspory se pohybovaly od cca 2 % do 8 %
oproti varianté bez vzajemné spoluprace. Prezentovany pfistup ma potencial slouzit jako
podklad pro volbu mista zpracovani odpadu s ohledem na vznik svazkl obci.

4.5 Technologie v zaFizeni pro energetické vyuZziti odpadu

Kazdé zatizeni na zpracovani odpadu je velmi komplexni systém zahrnujici fadu na sebe
navazujicich procest. Autor této prace se ve svém vyzkumu vénoval nékterym otdzkdm
spojenych s technologii ZEVO. Jiz v rané fazi kazdého projektu vystavby ZEVO ptedstavuje
zasadni rozhodnuti ureni vhodné kapacity zafizeni a dimenzovani produkce tepla a
elektfiny. Zaroven by méla byt zaru¢ena ekonomicka udrzitelnost projektu, ktera je ve studii
[A2] hodnocena vnitinim vynosovym procentem. Pro dimenzovani parametrt ZEVO byl
piedstaven dvoustupnovy stochasticky optimaliza¢ni model. Na obr. 22 je znazornén systém
ZEVO a cervené jsou vyznaCeny jeho prvky, které jsou soucCasti optimalizace
Vv piedstaveném modelu. Je nutné zohlednit, Ze vystavba nového ZEVO od prvotnich uvah
az po jeho plny provoz je dlouhodoby proces s dobou trvani odhadovanou minimalné na 5
az 7 let. Po montazi pak nasleduje provozni faze piesahujici 20 let. Z tohoto divodu byly
vypocty opakovany a hodnoceny pro nékolik scéndit s riznym nastavenim klicovych
vstupnich parametra.

Produkce pary Typ a kapacita

Kapacita zarizeni turbiny Komin

Spalovéni a rekuperace

tepla Elektrostaticky

odlucovat

Filtry

Odpad

Parni turbina

[,

Kondenzdtor Mokra vypirka

Kondenzat : s
Kapacita kondenzatoru

Produkce elektfiny a tepla

Obr. 22: Schéma technologie zarizeni pro energetické vyuziti odpadu, upraveno Z [A2]

Technické i ekonomické modely ZEVO, které byly detailné popsany v praci [B40], jsou
zna¢nou mérou ovliviiovany nejistymi parametry (napi. poptavka po teple). Tyto parametry
se v prabehu ¢asu meéni a obvykle je nelze kvalitn€ predvidat v dobé dimenzovani a vystavby
zatizeni. Podrobnosti problematiky kolisani poptavky po teple jsou k dispozici v praci [B41].
Resenim této problematiky pii planovani investic v oblasti energetického vyuziti odpadi se
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zabyvala publikace [A4]. Jak bylo zminéno vySe, zivotnost ZEVO se vétSinou planuje
alesponi na 20 let a jejich vystavba je také ¢asove i investicné naro¢na. Je tedy zapotiebi
dimenzovat robustni zafizeni s nizkou citlivosti na budouci zmény kli¢ovych parametru.
Publikace [A4] tedy analyzuje vliv kolisani poptavky po teple na piesnost technicko-
ekonomickych modela a variabilitu jejich vystupu. Citlivost dvou riznych modelu byla
porovndna na jednoduchém modelu ZEVO s plynovym kotlem a komplexnim modelu
ZEVO s kombinovanou vyrobou tepla a elektfiny. Optimalizacni modely, bézn¢€ pouzivané
k navrhu téchto zatizeni, provadéji vypocty v urcitych ¢asovych krocich (napft. tyden, den,
hodina). Vypocty ale musi byt ¢asto zjednoduseny obvykle na ro¢ni nebo mési¢ni bazi,
protoze pro kratky ¢asovy krok miize byt feSeni vypocetné prilis obtizné. Toto zjednoduseni
vSak vede k nepfesnostem modelu. Publikace [A4] nabizi alternativni feSeni k béZzné
uzivanym metoddm modelovani ZEVO pomoci tzv. korekénich koeficientt, které poméhaji
zvysit ptesnost modela pti zachovani ptijatelné doby vypoctu. Princip zaclenéni korek¢nich
koeficientl je znazornén na obr. 23. Hodnota P, je mési¢ni primér poptavky, ktery byl
uréen z dat v detailu hodin. Tato poptavka po teple P, je korigovana koeficientem, aby
nebyl nadhodnocen zisk z prodeje tepla z divodu hodinovych vykyvi. Podle metodiky
predstavené v [A4] je pivodni poptavka P,,, uvedena v piikladu na obr. 23 korigovana
snizenim o 0,5 TJ na hodnotu oznaenou jako P’,,,,. Autofi doporucuji pro modelovani
ZEVO vyuzivat hodnotu P',,,, Z divodu robustniho FeSeni. Detaily spoluprace ZEVO
s teplarnou jsou detailné rozebrany v praci [B41]. Autor tohoto textu spolupracoval na
vytvafeni matematického modelu pro optimalizaci celého systému, viz prace [Z220].

16.0

prameérna mésicni
poptavka

0.5T)
N\

Produkce tepla [Gl/h]

S ER ARS8 IR R bez korekce s korekei
o = NN M S S SO W
H

M Teplo ze ZEVO Teplo z plynového kotle

Obr. 23: Princip korekcnich koeficientit pro poptavku po teple, upraveno z [A4]

Navrhu parametri konkrétni technologic ZEVO se vénovala prace [Z22]. Jednalo se
o0 optimalizaci vyhfevnosti a maximalni kapacitu spalovaciho rostu. Klicovym neur¢itym
parametrem tohoto modelu je vyhtfevnost odpadu, kterd byla modelovana na zakladé analyzy
dat z realného provozu. Vyvoj slozeni odpadu, které vyrazné ovliviiuje jeho vyhievnost, byl
modelovan prostfednictvim scénait. Na tuto zavéreCnou praci se navazalo pii vyvoji
softwaru [P16] pro ZEVO Malesice, ktery optimalizuje chod zafizeni. Tento software na
zakladé matematickych modelt v kombinaci s provoznimi daty pifedpovida vyrobu energie
na nasledujicich 40 hodin. Zasadnim krokem bylo i v této uloze vhodné zpracovéani dat
z provozu. Vysledkem je zefektivnéni planovani produkce energie, coz umozZiuje
vV maximalni mozné mife pokryt poptavku po teple a vyrobit co nejvice elektfiny. Tim se
minimalizuje produkce energie z primarnich zdroju.
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Casto feSenou otazkou pii dimenzovani ZEVO je &isténi spalin, které podléha fadg
legislativnich omezeni. Systém na ¢isténi spalin je nutné modernizovat tak, aby bylo mozné
plnit piisné limity. Ve spolupraci s Ustavem chemickych procesti Akademie véd CR byla
vypracovana studie na odstrailovani SOz a HCI ze spalin. Experimentalni vyzkum kladl
diraz na ptenos vysledkli do praxe, probihal tedy ve velkém méfitku a se skuteCnymi
spalinami. Regresni modely aplikované pro kvantifikaci vlivu koncentrace HCI na
koncentraci SOz byly ve shodé s experimentalnimi daty, lze je tedy vyuzit pro predikci
chovani systému c¢isténi spalin nebo jeho optimalizaci. Dalsi aktivitou v této oblasti bylo
vyuziti membran pro CiSténi spalin v ZEVO. Publikace [A36] piedstavila model a sérii
simulac¢nich vypocéti pro vyhodnoceni zakladnich parametri membran s ohledem na
energetickou naro¢nost systému.
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5 NEJVYZNAMNEJSI VYSLEDKY

V této kapitole jsou shrnuty hlavni vysledky dosavadni vyzkumné ¢innosti autora. Jedna se
o sumarizaci vystupu, které byly jiz pfedstaveny vyse v kap. 3 a kap. 4.

5.1 Interdisciplinarni charakter ¢innosti

Vysledky ¢innosti autora jsou zaloZzeny na koordinaci mezioborové spoluprace, ktera
probihd predev§im v ramci zéveéreénych praci nebo vyzkumnych aktivit studentd
doktorského studia. Konkrétné¢ se jedna o propojeni obori procesniho inZenyrstvi,
aplikované matematiky a aplikované informatiky. Diky témto aktivitdm je redlné feSit
vyzkumné vyzvy vtak Sirokém rozsahu. Autor byl vedoucim, popf. konzultantem
nasledujicich praci (z toho je uveden v zavorce pocet aktualné fesenych praci):

e Bakalaiské prace na Ustavu matematiky (FSI VUT): 15(1) zavére¢nych praci.

e Bakalaiské prace na Ustavu procesniho inzenyrstvi (FSI VUT): 8.

Bakalafska prace na Fakulté¢ aplikované informatiky (Univerzita Tomase Bati ve
Zlin¢ — UTB): 3.

Diplomové prace na Ustavu matematiky (FSI VUT): 14(1).

Diplomové prace na Ustavu procesniho inzenyrstvi (FSI VUT): 4.

Diplomové prace na Ustavu soudniho inzenyrstvi (VUT): 3.

Diplomové prace na Ustavu automatizace a informatiky (FSI VUT): 2(1).
Disertaéni prace na Ustavu procesniho inzenyrstvi (FSI, VUT): 7(3).

Disertaéni prace na Ustavu matematiky (FSI VUT): 3(3).

AZ na vyjimky byly vSech zavére¢né prace navazany na vyzkumné aktivity v feSenych
projektech na pracovisti autora tohoto textu.

5.2  Vyvinuté metodiky

5.2.1 CERTIFIKOVANA METODIKA PRO PROVADENI DLOUHODOBE
PROGNOZY PRODUKCE ODPADU V CR VCETNE REVIZE PROGNOZY

Certifikovana metodika [P7] vznikla pro hodnoceni souasného stavu OH v CR a pro
podporu jeho planovani. Dokument stanovuje piistup k prognéze produkce vsech
odpadovych frakci a jejich vybranych agregaci. Vyuziti certifikované metodiky zajisti
adekvatni prognézovani u vSech aktérii v OH na riznych trovnich (narodni, regionalni
apod.) pfi tvorbé dlouhodobych progn6z produkce odpadii. Vyuziti metodiky je povazovano
za zaruku, Ze informace ziskané pfi progndézovani maji relevantni a dostatecnou uroven.
Certifikovana metodika je obecné povahy a stanovuje obecny postup prognoézovani formou
na sebe navazujicich krokt. Soucasti metodiky jsou prilohy k textu [P10], které se zabyvaji
konkrétni aplikaci metodiky dle pozadavki zadavatele — MZP. Metodika byla vyuzita pfi
tvorbé software TIRAMISO [P1] spravovaného MZP (viz kap. 5.3.2).
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5.2.2 CERTIFIKOVANA METODIKA PRO STANOVENI SLOZENI SMESNEHO
KOMUNALNIHO ODPADU Z OBCI A KOMUNALNIHO ODPADU (PRILOHA
44: VYHODNOCENI VYSLEDKU ROZBORU)

Certifikovana metodika [P13] stanovuje postupy, které umoziiuji srovnatelnost a
opakovatelnost vysledkll terénnich prizkumi zaméfenych na stanoveni slozeni SKO.
Soucasti jsou piistupy pro realizaci rozbori a také pro statistické zpracovani vysledku tak,
aby bylo mozné odhadnout slozeni SKO za agregované uzemi.

Autor tohoto textu se podilel na tvorbé nastroje pro vyhodnoceni vysledka z rozbort [P15],
ktery je k dispozici v MS Excel a kod vypocti je implementovan ve Visual Basic for
Applications (VBA). Nastroj je pfipraven pro zaznamenani zékladnich informaci
0 jednotlivych rozborech a jejich vysledkd. Implementovany statisticky vypocet poté
umozni vypis agregovanych vysledkid pro 1., Il. a III. uroven rozborii v¢etné grafickych
vystupd.

5.2.3 TVORBAPD ISOH

PD ISOH vznika zpracovanim a dil¢imi Upravami databaze ISOH (viz kap. 3.1).
V souvislosti s tvorbou nového ISOH je nutné revidovat postup tvorby PD ISOH do jeho
nové podoby. Z pozadavkii na PD ISOH lze zminit: zohlednéni legislativnich zmén
V souvislosti se Zakonem 541/2020 Sb. o odpadech a Vyhlasky ¢. 273/2021 Sb.
0 podrobnostech nakladani s odpady; odstranéni zjevnych chyb v ISOH (viz kap. 3.1);
odstranéni duplicitnich zdznamt a dalsi kroky uvedené v dokumentech V1.F.1.1 — V63
projektu CEVOOH [P3].

Navrzené piistupy pro tvorbu PD ISOH2 vznikaji v ramci projektu CEVOOH [P3], bod
1.F.1.1: Datova zékladna pro komplexni modelovani stavu OH a ObH v CR, ve spolupraci
fesiteld zVUT a CENIA — konzultovdno s MZP. Vstupni data pochizeji z hlaseni
souhrnnych udaji z prubézné evidence podle Vyhlasky ¢. 273/2021 Sb., o podrobnostech
nakladani s odpady. Vystupem jsou podptarné dokumenty vztahujici se k V1.F.1.1 — V63,
které vznikly z divodu aktualizace ISOH podle nové legislativy (Zakon 541/2020 Sb.,
0 odpadech a ptislusné smérnice).

Autor tohoto textu navrhl fadu dil¢ich Gprav, které vychazeji z jeho dosavadniho praktického
vyuzivani PD ISOH. Konkrétné 1ze zminit nové agregace dat na troven obci (doposud byla
k dispozici pouze uroveti ZUJ), propsani zmén v PD ISOH do starsich zaznama pro zajisténi
konzistentnosti ¢asové fady (napi. od roku 2021 se jiz komunalni obaly nevykazuji pod
katalogovymi Cisly podskupiny 15 01, ale pod podskupinu 20 01) a dalsi.

5.3 Software

Pristupy ke zpracovani dat v OH (kap. 3) a vypoctové modely (kap. 4) jsou postupné
implementovany do software. Tim je umoznéno jejich vyuziti k feSeni praktickych uloh
v OH. Jednotlivé software na sebe navazuji a dohromady nabizeji komplexni feSeni OH na
urovni statu, mistnich samosprav, zainteresovanych firem apod, viz obr. 24. Pfedstaveni
jednotlivych software je dale v kap. 5.3.1 az kap. 5.3.4
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REVEDATO (verifikace TIRAMISO (Progndza NERUDA (lokalita y
dat, nakladani s odpady) - produkce odpadu) - zafizeni, svozova oblast) W | POPELKA (svozové plény)
Stat, kraj — Stat, kraj t Stat, kraj ‘ Svozova firma
— Obec Investor L Obec

— Investor
— Provozovatel zafizeni

Obr. 24: Propojeni vyvinutého software

5.3.1 REVEDATO

Nastroj REVEDATO se zabyva identifikaci chyb v hlaseni souhrnnych udaji z priubézné
evidence, opravami téchto chyb a zajisténi platnosti vSech hmotnostnich bilanci v systému.
Dale tento nastroj umoziuje modelovat kompletni fetézec toku odpadu od producenta pies
predani/pievzeti az k finalnimu zpracovani pomoci bilan¢nich, hierarchickych a korek¢nich
vztahti. Diky tomu je znamo nakladani s odpady i na regionélni Grovni az po ZUJ. V{voj
nastroje je spojen s modely:
o Reflow [P4]
Jedna se o ivodni model pro identifikaci chyb v PD ISOH zaloZeny na vice-
kriteridlnim matematickém programovani. Model minimalizuje celkovou odchylku
od ptivodnich dat a soucasné zahrnuje logistiku a tim simuluje ekonomické chovéani
subjektti v siti. Implementace algoritmu a ptidruzenych vypocti je v programovacim
jazyce Julia. Funk¢nost modelu byla ovéfena na datech databaze VISOH (Vetejny
informaéni systém odpadového hospodaistvi [B15]) na trovni kraji CR.
o Modul 1.0
Vyvoj uvedeného modulu je soucasti projektu CEVOOH [P3] a sou¢asné je spojen
s praci [Z7], kde je autor v pozici $kolitele specialisty. Tento modul je zaméten na
identifikaci chyb v databazi PD ISOH. Data jsou upravena pomoci jejich vyrovnani
tak, aby byly splnény vSechny hmotnostni bilance. Software byl testovan pro vybrana
katalogova &isla na urovni ZUJ. V soudasnosti je vypodet probiha v prostiedi GAMS
(General algebraic modelling system) s nacitanim dat a vypisem do MS Excel.
Predpoklddd se implementace v programovacim jazyce Julia a vytvofeni
uzivatelského rozhrani.
o Modul 2.0
V tomto modulu budou rekonstruovany (modelovany) odpadové toky od producenta
do mista zpracovani. Cilem je odhadnout lokalitu a zptisob nakladani pro jednotliva
ZUJ. Model je vsoudasnosti ve fizi vyvoje a postupné je implementovan
V programovacim jazyce Julia. Vyvoj tohoto modulu je spojen s praci [Z8].

5.3.2 TIRAMISO

Nastroj TIRAMISO je uréen k prognézovani produkce a nakladani s odpady pro vSechna
katalogova ¢isla na irovni ORP. Soucasné nastroj umoziuje tvofit projekce a modelovat tak
scénafe budouciho vyvoje podle zadanych okrajovych podminek. Vypocet nastroje
TIRAMISO se tidi certifikovanou metodikou [P7]. Vyvoj nastroje TIRAMISO zahrnuje
vice modult:
o Justine [A14]

Justine piedstavuje prvotni model vyvijeny na UPI pro prognézovani produkce

odpadu. Trend je modelovdn mocninnou funkci a nasledné je vyrovnan pro

zachovani vazeb systému. Progn6za byla provedena jen pro vybrana katalogova ¢isla
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Vv zavislosti na pozadavcich provadénych studii. Vypocet Justine probiha v prostiedi
GAMS s nacitanim dat a vypisem v MS Excel.

o Modul 1.0 [P1]
Uvedeny modul zahrnuje prognézu produkce v§ech katalogovych cisel dle Katalogu
odpadii a vybranych agregovanych toku véetné pre-processingu dat, viz certifikovana
metodika [P7]. Nejistota progndzy je vyjadiena prostiednictvim konfidenénich a
predik¢nich intervali. Dale Modul 1.0 umoziiuje modelovat scénaie produkce
odpadu. Jedna se o webovou aplikaci, kdy vypolty jsou implementovany
Vv programovacim jazyce Julia. Hlavnim uZivatelem TIRAMISO 1.0 je MZP.

o Modul 2.0
Modul 2.0 je rozsifeni podoby TIRAMISO 1.0 o progndzy a projekce nakladani
s odpady. Vypocet se opét fidi certifikovanou metodikou [P7], ktera byla vytvofena
primarn¢ pro prognozy produkce odpadu. Modely nakladani s odpady jsou tvoieny
v souladu s ocekavanou produkci. V projekcich pro modelovani scénaid jsou
implementovany identifikované vazby nakladani se socio-ekonomickymi parametry,
systematickymi zménami a globalnimi trendy.

5.3.3 NERUDA

Nastroj NERUDA [A26] byl vytvoien pro optimalizaci nakladani s odpady v konkrétnim
regionu z pohledu ekonomiky a dopadu na zivotni prostfedi. MozZnosti nakladani s odpady
Jsou V nastroji posouzeny také s ohledem na transport odpadu od producenti do mista
zpracovani. Jednim ze zésadnich vystupl nastroje je navrh lokality pro vystavbu novych
zpracovatelskych kapacit. Nastro) NERUDA zahrnuje dil¢i moduly, které byly vykazany
samostatng.

o Vypoctovy nastroj na bazi logistické ulohy pro simulaci konkuren¢niho prostfedi

v oblasti OH na regionalni trovni [P18]:
Jedna se o vypoctové jadro nastroje NERUDA, které bylo piedstaveno v praci autora
tohoto textu [A37]. Soucasti nastroje je také interface pro nacitani vstupnich dat
ziskanych na zakladé dil¢ich vysledku feseni projektu WtECC [P17]. Model je
dimenzovan pro tii typy primarnich a dva typy rezidudlnich odpadi. Modul je
implementovan v prosttedi GAMS.

o Softwarova implementace redukénich technik pro wait and see ptistup [P19]:
Uvedeny modul slouzi jako podpora pro vypocty v prosttedi GAMS. Jedna cast
uvedeného softwaru umoziuje vytvaret stromové struktury optimaliza¢nich vypoctl
véetné pre-processingu a post-processingu a cely proces tak zautomatizovat a
zjednodusit. Druhd cast slouzi ke vhodnému rozmisténi nezéavislych vypocetnich
uloh na jednotlivd jadra procesoru. Primarné je uren pro feSeni scénafovych
optimalizacnich tloh pfistupu wait and see. Detailni popis je soucasti prace [Z20],
kde autor tohoto textu figuroval jako Skolitel specialista.

o NodeCluster [P20]:

Uvedeny software zalozeny na shlukové analyze navrhne vhodnou infrastrukturu pro
vypocet sitové tokové ulohy s ohledem na sledovanou lokalitu, viz prace [Z20].
Software na zaklad¢ vstupnich dat umoznuje ménit detail se zvysujici se vzdalenosti
od sledovaného (referen¢niho) subjektu a s vazbou na produkci odpadu. Pro zajisténi
detailu v okoli sledovaného subjektu je nutné ptivodni soufadnice uzla ¢i vzdéalenosti
vhodné transformovat tak, aby vznikla tendence tvofit vétsi shluky dale od
sledovaného uzlu. Implementované algoritmy v NodeCluster jsou K-Means a
hierarchické shlukovani v programovacim jazyce Matlab.

o NerudaStreet:
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Jedna se o optimaliza¢ni nastroj pro planovani svozovych tras odpadu v radmci obce.
NerudaStreet byl vyvijen v ramci prace [Z18], kterou autor tohoto textu vedl z pozice
Skolitele specialisty. Nastroj l1ze vedle optimalizace soufasnych svozovych tras
vyuzit k hodnoceni dopadu zmén v systému sbéru (dalSi separované sbirané
komodity, zahusténi site€, apod.) na celkové naklady. NerudaStreet je implementovan
Vv prostiedi C++ a komunikuje s platformou volné dostupnych mapovych podklada
OpenStreetMap.

5.3.4 POPELKA

Nastroj POPELKA je webova aplikace obsahujici sadu dil¢ich samostatné fungujicich, nebo
provazanych modult. V soucasné dob¢ (9/2022) nastroj obsahuje jiz dva funk¢éni moduly,
které jsou ale plynule dale rozsifovany na zéklad¢ zpétné vazby z praktického vyuzivani.
o Modul pro tvorbu planu meziobecniho svozu (Modul 1):
Zakladem modulu je webové rozhrani, kde si uzivatel spravuje svazky obci a
nastavuje parametry svozu (vozovy park, frakce odpadu, dny svozu, frekvence svozu
a dalsi). Zadani uzivatele vytvori okrajové podminky optimaliza¢ni tlohy, ta je
feSena ve vypocetnim jadru ve dvou krocich: 1) routing — tvorba svozovych tras a 2)
scheduling — rozvrzeni svozovych tras do kalendafe s ohledem na frekvenci svozu
pro jednotlivé frakce. Vyhodou je moznost sestaveni vlastniho planu s naslednou
¢asteCnou optimalizaci pro nezafixované casti, takze je snadné zahrnout drobné
upravy (jiny typ sbéru v obci, novy ¢lenové svazku atd.) do aktudlniho svozového
planu bez nutnosti kompletniho pfeplanovani. Tento modul vznikl na zaklad¢ dil¢ich
vysledki praci [Z223], [Z224], [Z25] a [Z18].
o Modul pro spravu sbérné infrastruktury v ramci obci (Modul 2):
Modul umoziuje analyzovat dochdzkovou vzdalenost a ptemistovat sbérné¢ nadoby
manualné nebo prostfednictvim optimalizaéniho modelu s ohledem na mnozstvi
sbérnych nadob nebo dochazkovou vzdalenost. Detailni sbérna infrastruktura
umoznuje propojeni s Modulem 1, to zajistuje redlny odhad casu sbéru a také
moznost dodate¢ného planovani pohybu vozidla v ramci obci (Modul 1 se vénuje
pouze meziobecnimu presunu vozidel). Tento modul vznikl na zéklad¢ dil¢ich
vysledki praci [Z226], [Z227], [Z28], [Z229].

Dalsi moduly jsou vytvafeny v ramci aktivit vyzkumné skupiny, kterou autor tohoto textu
koordinuje, a to se zaméfenim na realné aplikace v praxi.
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6 ZAVER

Habilita¢ni prace je zaméfena na vyuziti metod opera¢niho vyzkumu v oblastech OH a ObH.
V téchto oblastech dochazi v poslednich letech ke znatelnému nardstu potieby evidence dat
a jejich shromazdovani. Ucelem jsou ekonomické uspory a monitoring vybranych
ekologickych ukazatelli, jejich hodnoceni a nastaveni ndslednych legislativnich zasaht.
Velkym pfinosem je zde tedy efektivni vyuzivani pokrocilych statistickych a
optimalizacnich metod.

Vyzkumné aktivity autora pokryvaji dvé oblasti. Prvni se vénuje zpracovani dat, tvorbe
progndéz apod. V druhé oblasti se autor zaméfuje na vyvoj optimalizaénich modela
spojenych sriznymi prvky celého zpracovatelského fetézce odpadu. Na zakladé
publikovanych praci zejména v impaktovanych casopisech byl ukazan piinos téchto
vyzkumnych aktivit.

Z pohledu vyuziti vyvinutych pfistupti pro vefejnou a komeréni sféru lze charakterizovat
ptinos vysledkli vyzkumnych aktivit. Jednd se zejména o vypracovani koncepcnich
dokumentli, kde vySe popsané piistupy predstavuji podpurny aparat, tedy piedevsim
0 dosavadni aplikace nastroje NERUDA. Dalsi aktivity jsou spojeny s tvorbou
aplikaci (pfedev$im implementovanych do webového prohlizece). Zde jsou nastroje
dostupné k opakovanému vyuziti podle potieb uzivatele. Jedna se predevSsim o nastroj
TIRAMISO pro tvorbu prognéz a projekcei, tzv. scéndit, které si definuje uzivatel piimo ve
webové aplikaci. Dale jde o nastroj POPELKA, ktery je v prvni fazi smétovan pro potieby
svozovych firem, aby mohly operativné zasahovat do svych stavajicich svozovych planu.
Tento nastroj nalezne zasadni ptinos i pro nove vzniklé svazky obci, které se svozem odpadu
teprve zacinaji a musi nové plany vytvaret.

Vysledky vyzkumu jsou rovnéZ zaloZeny na koordinaci praci fady studentli a mladych
vyzkumnych pracovnikd, které autor habilita¢ni prace koordinuje od roku 2012. Cilem dalsi
vyzkumné prace je pokraovani v nastavené trajektorii, ktera t€zi z vhodné kombinace
vyzkumné a pedagogické Cinnosti a stale se zvysSujiciho mnozstvi dat v OH a ObH vcetné
zpétné vazby z komunalni i primyslové sféry.
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ABSTRACT

Nowadays, the European municipal waste management policy based on the circular economy paradigm demands
the closing of material and financial loops at all territorial levels of public administration. The effective planning
of treatment capacities (especially sorting plants, recycling, and energy recovery facilities) and municipal waste
management policy requires an accurate prognosis of municipal waste generation, and therefore, the knowledge
of behavioral, socio-economic, and demographic factors influencing the waste management (and recycling)
behavior of households, and other municipal waste producers. To enable public bodies at different territorial
levels to undertake an effective action resulting in circular economy we evaluated various factors influencing the
generation of municipal waste fractions at regional, micro-regional and municipal level in the Czech Republic.
Principal components were used as input for traditional models (multivariable linear regression, generalized
linear model) as well as tree-based machine learning models (regression trees, random forest, gradient boosted
regression trees). Study results suggest that the linear regression model usually offers a good trade-off between
model accuracy and interpretability. When the most important goal of the prediction is supposed to be accuracy,
the random forest is generally the best choice. The quality of developed models depends mostly on the chosen
territorial level and municipal waste fraction. The performance of these models deteriorates significantly for
lower territorial levels because of worse data quality and bigger variability. Only the age structure seems to be
important across territorial levels and municipal waste fractions. Nevertheless, also other factors are of high
significance in explaining the generation of municipal waste fractions at different territorial levels (e.g. number
of economic subjects, expenditures, population density and the level of education). Therefore, there is not one
single effective public policy dealing with circular economy strategy that fits all territorial levels. Public rep-
resentatives should focus on policies effective at specific territorial level. However, performance of the models is
poor for lower territorial levels (municipality and micro-regions). Thus, results for municipalities and micro-
regions are weak and should be treated as such.

1. Introduction

level. Especially, strategies concentrated of waste prevention and
minimization have a high scientific and practical attention nowadays.

The transition of the current waste management (WM) systems in
Europe to the circular economy based on waste flows regulation has
significant cost effects on WM system users (especially municipalities,
but also households) (Tomi¢ and Schneider, 2020). Therefore, there is a
high demand for strategies that minimize socio-economic impacts on the
European recycling society and for efficient solutions at the municipal
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There are lots of empirical studies based on sophisticated modelling
approaches aimed at evaluating effects of various factors on municipal
waste (MW) generation, or on separate collection and that enable to
predict changes aroused by these factors (e.g. Lu et al., 2009; Dai et al.,
2011; Ayvaz-Cavdaroglu et al., 2019). The knowledge of these factors is
a necessary pre-requisite for the establishment of WM strategies at
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Table 1

Overview of reviewed papers.
Country Level Model MMW PAP PLA GLA BIO MET SEP
Italy (Abrate and Ferraris, 2010) M GR \/ \/
Spain (Prades et al., 2015) M IR \/ \/ \/ \/
USA (Kontokosta et al., 2018) B DT v v v
France (Hatik and Gatina, 2017) M DR \/
Malaysia (Jaafar et al., 2018) M DA v v v v
Spain (Mateu-Sbert et al., 2013) R LR \/
Turkey (Keser et al., 2012) R LR \/
Turkey (Ozkan et al., 2015) CD GR v v v v
Ireland (Purcell and Magette, 2009) CD GIS \/
Vietnam (Trang et al., 2017) HH LR v v v v
Nepal (Dangi et al., 2011) HH DA v v v v/ v
Vietnam (Thanh et al., 2010) HH LR v v v v

M - municipality, B — Building, R - region, CD - city district, HH — household; GR - general regression, LR - linear regression, DR — dimensionality reduction, DA —

descriptive analysis, DT — decision tree based, GIS - Geographic information system.

different territorial levels by public bodies. As Lu et al. (2009), and Dai
et al. (2011) confirmed mathematical models were developed as a tool
for the optimization of municipal waste management (MWM) and
planning. However, the explanatory value of these models is highly
dependent on the accurate prediction of the waste generation (Jalili and
Noori, 2008).

Based on the urban case studies (Beijing, or Istanbul) Dai et al.
(2011), and Ayvaz-Cavdaroglu et al. (2019) used mathematical model-
ling to find optimal MW treatment for minimizing costs and reducing the
environmental side effects. Benitez et al. (2008), or Lee et al. (2016)
developed models evaluating the correlation between socio-economic
factors (e.g. income, or level of education) and MW generation. Both
studies provide recommendations for decision-makers how to improve
MW treatment using the potential of the suitable infrastructure. Oliveira
et al. (2018) developed a model to predict separate collection of pack-
aging waste at the municipal level and concluded that especially in-
habitants per bring-bank, relative accessibility to bring-banks, degree of
urbanization, number of school years attended, and area affect the
participation at the separate collection. Based on household data
Alhassan et al. (2020), or Ling et al. (2021) evaluated socio-economic
factors influencing the participation of residents in incentive programs
of source separation.

As the public policies and WM strategies take place on different
levels of the public administration that is equipped with various com-
petences new approaches are needed to define priorities of the MWM
policy settings. Our study fills the gap in mentioned modelling ap-
proaches by evaluating MW generation at three territorial levels -
regional, micro-regional and municipal level. Furthermore, our aim is to
identify influential factors that enable to predict MW (and its fractions)
generation. The knowledge of influential factors enables the public
administration to define a suitable strategy at every territorial level and
implicitly, the MW treatment capacities.

1.1. Predictive modelling in MWM

The quantity of MW is commonly predicted using social, economic,
demographic and other variables. However, according to the results of
existing reviews (Beigl et al., 2008; Kolekar et al., 2008; Cherian and
Jacob, 2012), little attention has been given to predictive modelling of
MW fractions. This problem is even more serious for higher territorial
levels (municipalities, micro-regions, regions or their equivalents). The
main reason is that such research usually obtains data via surveys, which
is costly and time-consuming. Even in case the same pattern of behavior
preserves from lower levels, collection of the same influencing factors is
challenging and virtually impossible. Thus, it is not possible to carry out
such research for a long time or large territory (e.g. region). Since Beigl
et al. (2008) reviewed articles until 2005 and other reviews are not so
comprehensive (they are not aimed at MW fractions and reviewed up to
20 papers), other research was done by authors of this paper. Time

horizon of 2009-2019 was selected as a period of interest. The selection
comprises only papers related to waste generation prediction, thus
studies concerned with forecasting were not included. Main findings
(see Table 1) could be summarised as follows. First, 50% of papers use
territorial units smaller than municipalities. These concern city districts,
buildings and households, special units closely connected to modelled
waste (hospital, construction site, university, restaurant, etc.) were not
included due to their irrelevance for this paper. It is remarkable that
none of the papers deal with multiple levels of territorial breakdown.
Second, a total of 34 (almost 3 per paper) waste fractions were modelled
(marked by ticks in Table 1). About 40% of studies dealt with bio (BIO),
paper (PAP), plastic (PLA) and glass (GLA) altogether. Other fractions
important for this paper were not so common, which is surprising at
least in case of MMW as it is the main contributor to MW generation. In
some cases (Abrate and Ferraris, 2010; Prades et al., 2015), only total
amount of separated waste (SEP) is subject to research and in case of
Kontokosta et al. (2018), special “fraction” (MET + GLA + PLA) is
collected. Third, the most common approach to analyse MW generation
is (multiple) regression models (58%). No paper dealing with metal
(MET) or bulky waste (BW) at the level of municipality (or higher) was
found. Table 1 shows 12 papers dealing with at least one of the MW
fractions relevant for this paper (MMW, PLA, PAP, GLA, MET, BIO, BW).

Prediction models are usually based on socio-economic, de-
mographic and other factors so they are not suitable for forecasting.
Forecast of all inputs will be needed for this purpose. Thus, prediction
models can be used for estimation of missing or erroneous data as well as
for scenario planning. According to above mentioned results, there is a
lack of studies that compare different prediction modelling approaches
of MW fractions generation for various levels of territorial breakdowns
especially those defined by administrative definitions like regions, dis-
tricts and cities or their equivalents. These are also essential for strategic
planning of sorting policy and material recovery. The results are valu-
able for government advancements in MWM as well as for investors of
WHE plants and sorting facilities.

1.2. Influential factors

The current scientific discussion about factors influencing the waste
generation and recycling involves not only socio-demographics (Mia-
fodzyeva and Brandt, 2013; Rybova et al., 2018) and socio-economics
(Saphores and Nixon, 2014), but also technical and organizational
variables describing the perceived convenience of the MWM system (e.g.
distance to collection points, door-to-door collection, or availability of
containers in public space), charging system (Miafodzyeva and Brandt,
2013; Slavik et al., 2020), or environmental values and psychological
variables (Slavik et al., 2018). Especially the last group of factors gains
increasing attention when socio-demographic and socio-economic fac-
tors are characterized by ambiguous results with low predictive power
(Rybova et al., 2018).
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Fig. 1. Paper framework (LR - Linear regression, GLM - Generalized linear model, DT - Decision tree, RF — Random forest, GBRT — Gradient boosted regression tree).

The research of socio-demographic factors includes especially age
and gender. Because of the modest lifestyle (Sterner and Bartelings,
1999), higher willingness to participate at separate collection (Saphores
et al., 2006; De Feo and Polito, 2015), higher level of environmental
knowledge, or education (De Feo and De Gisi, 2010) older people
generate less waste and recycle more. However, some authors argue that
the relationships between age and the MW generation is very weak, or
insignificant (Lebersorger and Beigl, 2011; Miliute-Plepiene et al.,
2016).

When analyzing gender Daskalopoulos et al. (1998), or Talalaj and
Walery (2015) concluded that because of a higher attention to their
appearance, or consumption habits (catalogue shopping, home delivery
services) higher share of women in the municipality leads to higher
generation of waste. On the other hand, women are also more willing to
use the municipal infrastructure for the waste separation and separate
waste in the household (Saphores et al., 2006). However, also the
relationship between gender and waste generation (or recycling) is
ambiguous (Saphores and Nixon, 2014; Miliute-Plepiene et al., 2016).

The research of socio-economic variables influencing the MW gen-
eration and recycling involves the average household size (Beigl et al.,
2008; Lebersorger and Beigl, 2011), income (Berglund, 2006; Gellynck
etal., 2011; Gellynck et al., 2011, 2011), level of education (Sterner and
Bartelings, 1999; Hage and Soderholm, 2008; Keser et al., 2012) and
other (less obvious) factors (e.g. unemployment rate, share of people
employed in agriculture, heating by solid fuels, or population density).
Especially heating by solid fuels is important for WtE because it reduces
collected waste quantities differently (not all MW fractions are suitable
for burning). Solid fuel heating systems have a two-tier impact on waste
generation. While Lebersorger and Beigl (2011) concluded that house-
holds equipped by solid fuel heating systems generate less waste
(because of the by-burning of waste), Dennison et al. (1996) found
higher generation of waste in those households induced by the genera-
tion of ash.

Keser et al. (2012) concluded that paved roads enable higher
collection frequencies and better collection works and therefore, higher
amounts of waste can be expected in rural areas. Lebersorger and Beigl
(2011) found regions with higher share of people employed in agricul-
ture as regions with lower waste generation. The explanation lies in the
higher waste separation and recycling of organic matter. Furthermore,
also population density influences waste generation. Johnstone and
Labonne (2004) confirmed higher waste generation in regions with
higher population density when the crucial infrastructure is missing
competing with lack of space.

Beyond socio-demographic and socio-economic variables the MW
generation is influenced also by behavioral (or psychological) variables
and environmental values (intrinsic variables). Especially waste sepa-
ration and recycling as alternatives to waste generation stay in the
centre of attention. Higher separation rates lead to MMW reduction and
change of its structure. Both MMW quantity and structure are crucial for
WHE plants.

The last group of factors influencing the waste generation and
recycling represent situational variables that reflect the perceived con-
venience of the MWM system. The better, convenient and user-friendly
separation system the higher recycling (and motivation to reduce
amount of waste generated). In this context, especially distance to the
container (Struk, 2017), its localization (Mattson-Petersen and Berg,
2004; Gonzalez-Torre and Adenso-Diaz, 2005), or space for waste stor-
age at home (Gonzdlez-Torre and Adenso-Diaz, 2005) are highlighted.

Previous paragraphs suggest that the impacts of socio-economic and
demographic variables are often quite weak and thus, reported results
are questionable. So possible relationships should be judged not only by
‘statistical’ significance, but also by ‘real world’ significance (those are
not the same). Moreover, it seems that it is not possible to generalize the
results from one country to every other. This is particularly true in case
of big differences in population well-being, current state of MWM, ur-
banization, and other aspects. According to our opinion, it can be
misleading to analyse just household or municipality level and gener-
alize these conclusions to upper territorial levels.

Unfortunately, analysis of influencing factors for levels of micro-
regions and regions is quite rare in the literature (see Table 1). The
only papers found are Keser et al. (2012), Mateu-Sbert et al. (2013) and
Mazzanti et al. (2008). However, Keser et al. (2012) and Mazzanti et al.
(2008) do not analyse separate collection fractions. Mateu-Sbert et al.
(2013) analyses only the impact of tourism.

1.3. Novelty and contribution

This paper aims at exploration and comparison of predictability of
main MW fractions for multiple territorial levels. Moreover, influencing
factors for each MW fraction and territorial level were examined. The
main research questions are:

- Which socio-economic or demographic factors are the most impor-
tant for micro-regional and regional level?

- Are there any ‘super predictors’ which are important for multiple
MW fractions on the same territorial level or for selected MW fraction
across the levels?

- Is it possible to transfer qualitative results from one territorial level
to another (e.g. Is it sufficient to analyse factors for municipality
level and use them for higher levels or vice versa)?

- How much does the MW fractions predictability vary according to
selected territorial level and MW fraction?

The reported analysis provides an example of a framework for pre-
dictive modelling and influencing factor identification for MW fractions
with problematic MWM records. It was used for case study in the Czech
Republic. Moreover it:

- Was done for multiple fractions of MW (MMW, PLA, PAP, GLA, BIO,
MET, BW) on different territorial levels, which is not very common.
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- Identifies important predictors for each ‘MW fraction’-‘territorial
level’ pair.

- Uses multiple modelling approaches.

- Enhances quality of scenario planning for material and energy
recovery.

2. Materials and methods

Countries are usually divided by geographical, administrative or
historical means into smaller parts like cantons, constituent states, re-
gions, districts, micro-regions etc., which is problematic for intercountry
comparison. Data for higher territorial levels are commonly obtained by
aggregation from lower levels. Overall problem with data is the exis-
tence of various definitions, which are not always clearly defined, and
presence of defective input.

At the beginning an analysis of missing values and outlier analysis
was performed, followed by correlation analysis, principal component
analysis (PCA). By applying PCA, mutually orthogonal principal com-
ponents (PC) were created. PCs were then used as inputs for various
models. Framework of the paper is summarised in Fig. 1. All data
manipulation, preparation, modelling and visualisation were done using
R programming environment (R Core Team, 2019).

2.1. Data

The Czech Republic is a country in Central Europe with 10.7 million
inhabitants and an area of 78,866 km?2. Capital city of the Czech Re-
public is Prague (1.3 million inhabitants), which is also one of the 14
regions (population of 0.3-1.3 million). The regions consist of 206
micro-regions (8600 to 1.3 million inhabitants) and about 6250 mu-
nicipalities (up to 1.3 million inhabitants).

Data sets were created for selected territorial units and the time
horizon was defined by the availability of data from MWM (2009-2017
for all levels). MWM data from previous years were not included due to
methodological changes in the MWM system. The regional-level data set
consisted of 126 variables. Datasets containing about 50 (independent)
variables were used at micro-regional and municipality level.

Same waste fractions and their definitions were used for all levels,
namely MMW, PLA, PAP, GLA, BIO, MET and BW. Finally, MW, defined
as the total sum of named fractions, was also included. This definition of
MW represents about 93% of total MW in the Czech Republic. All the
mentioned waste production variables (dependent variables) were
converted to per capita rates. Similar operation was also done for in-
dependent variables (e.g. population in the age group of 0-14 was
converted to percentage of total population, population to population
density etc.). Such operation worsens the correlations between depen-
dent and independent variables. Thus, model performance also gets
worse. On the other hand, this helps to reveal and understand re-
lationships in the data. It is well known that for established waste
fraction generation rate, population is the most influencing factor. Total
population also influences other variables (e.g. population in age
groups, gross domestic product, etc.). By using these original data, their
impact is masked by the main effect (size of the territorial unit).

2.2. Outlier analysis

Prior to a further data analysis, it is advisable to identify outliers and
extreme values. The identification and data modification took place in
three steps:

1. Identification and omission of outliers at the lowest level of territo-
rial breakdown (municipal level for data from MWM,; for other fac-
tors, the smallest territorial unit is given by data availability).

2. Aggregation to higher territorial units, if the data from another
source are not available, they are not used for aggregation (i.e. if the
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data are missing in the municipality, then the value for the given
micro-region is calculated without the data from this municipality).

3. Identification and omission of outliers for higher territorial break-
down after the data aggregation.

Boxplots or z-scores are usually used for outlier identification.
However, in this case, a more robust measure Q, proposed by Rousseeuw
and Hubert (2011), was used, see equation (1) (x is variable of interest).
The robust procedure was chosen with regard to the fact that it was
necessary to assess about 150 variables (in total), which often lack
expertise in the decision on outlying. Moreover, many variables were
heavily skewed so traditional tools for outlier detection are not appro-
priate in this case. The value was marked as outlying (and removed) if its
value of Q was greater than 3 (in absolute value). The exact threshold
value should not have a major impact (outliers are typically significantly
larger).

(x,- - mgdian (x,-))
0= —— )}

1.483-meldian X — meldian (xj)
i= e

The MWM values identified as outliers were removed for further
work. Data at higher levels of territorial breakdown were then aggre-
gated based on the data from the lower territorial unit. In case of out-
liers, neither MWM value nor population of the particular lower
territorial level unit was included. Moreover, MW was defined as an
aggregate of individual waste fractions. If the value at the municipal
level was omitted because of outlying, it was replaced for the purpose of
aggregation into MW. If a single point was omitted in the 2009-2017
time series, it was replaced by linear interpolation. If more points in the
time series were missing, they are replaced by the average production of
the relevant region in the given year.

2.3. Linear models

A linear regression (LR) analysis is a statistical method that is widely
used to describe dependencies in data. Based on the literature review,
the regression analysis is suitable for the use for MWM data. Generalized
linear models (GLM) are not used as frequently in the MWM domain as
the other mentioned approaches. However, they are a natural choice
when the classical LR is not considered as an adequate tool. Based on the
authors’ previous experience, a gamma regression model (with an
identical link function) was chosen. Main advantages of GLMs (when
compared to LR) are greater flexibility, possibility to incorporate
domain specific knowledge and deal with (some) nonlinear de-
pendencies. A disadvantage of generalized models is that the global
optimum is not guaranteed when estimating the coefficients and, in
some cases, it may be necessary to supply appropriate starting values
(Dobson, 1990). Special limitation of Gamma regression is that the
dependent variable can only have positive values, so it is not possible to
model the cases in which the production is zero.

Model selection was done by backward elimination with Akaike In-
formation Criterion (AIC) for both LR and GLM models. Assumptions of
Gauss-Markov theorem were tested by Anderson-Darling test
(normality), t-test (zero mean) and Durbin-Watson test (independence).

2.4. Decision tree — based models

Although models of artificial neural network (ANN) and support
vector machines (SVM) are used quite often to deal with similar issues
(Kolekar et al., 2008), this analysis did not use them. The main reason is
the doubts about their inadequacy for the chosen task, especially with
regard to quantity and quality of data. Therefore, only models of deci-
sion tree (DT), random forest (RF) and gradient boosted regression trees
(GBRT) were used. Tree-based models (especially RF and GBRT) are
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quite popular in general, but they are rarely used in MWM. They are not
even mentioned in reviews from the MWM area (Beigl et al., 2008;
Kolekar et al., 2008; Cherian and Jacob, 2012). DT may not be of suf-
ficient quality for the actual use, but it may serve as a source of infor-
mation on the inner working of modelled processes.

DT models are quite popular in machine learning due to their ca-
pabilities to deal with complex nonlinear relationships and interpret-
ability (Hastie et al., 2009). They are based on recursive partitioning of
the feature space to subspaces. Individual models are then created for
these subspaces. In each step of the partitioning process, the point per-
forming the greatest reduction of the residuals is selected as a split point.
Tree structure describing important variable relationships is generated
by this process.

GBRT model is an extension of DT model which incorporates so-
called boosting (Friedman, 2001). GBRT does not try to find the best
possible model (as DT model) but creates many weak models (trees). DTs
are generated sequentially based on residuals of the previous tree. So,
the generating process is basically a gradient algorithm which improves
the resulting prediction by adding another tree to minimize loss function
in each step. The resulting model is a linear combination of all created
trees (more accurate models have higher influence).

RF is another tree-based model (Breiman, 2001). Similarly, to GBRT,
RF uses many weak learners and combines their results. Randomness is
incorporated during creation of this model in two ways. First, only a
randomly selected subset of observations is used for a given tree (so
called bagging). Second, for this randomly selected subset, a random
subset of features (independent variables) is used to create DT. So
different features are used for different trees. Such an approach increases
the uniqueness of individual trees across the forest. Bagging
meta-algorithm increases stability and precision of the model and de-
creases probability of overfitting.

2.5. Performance measures

Based on the research, Root mean square error (RMSE), Mean ab-
solute error (MAE) and Mean absolute percentage error (MAPE) were
selected as measures for model quality assessment and comparison.
General definition of R? is not included; it was used just for LR and GBRT
models. In other cases (GLM, DT, RF), model specific definitions for
given models were used. For GLM, multiple definitions of “pseudo” co-
efficient of determination are available, deviance residuals version was
used, see Dobson (1990) for details. DT algorithm uses relative error and
RFs coefficient of determination is defined via mean squared error
(MSE). Thus, R? values are not fully comparable.

All definitions are taken as in egs. (2)-(8), where n is number of

observations, Y; actual value and Y; predicted value.

(2)
3)
MAPE = lnﬂ ; Y ;l_ v (4
-1 -t
Rgrzlf"‘[?f ®)
2 o
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Table 2
Overview of outlier identification in MWM data.

Upper bound [t/ MMW  PLA PAP GLA MET BIO BW
capita/year]

Municipality 0.447 0.032  0.037 0.032 0.031 0.184  0.062
Micro-region 0.318 0.019 0.030 0.018 0.031 0.080  0.057
Region 0.248 0.017  0.022 0.014 0.023 0.059 0.04

Identified [%]

Municipality 5.3 2.6 4.9 3.3 22.9 3.9 8.1
Micro-region 2.4 0.4 0.8 1.4 3.2 2.4 0
Region 3.2 0 0 0 0 0 2.4
u ~\2
Zi:l (Yi - Yi)
MSE = — (€))]

All modelling approaches were compared via cross validation (CV).
Dataset was randomly split to training (75% of observations) and testing
(25% of observations) datasets five times. For each of these training sets,
models were created and performance on testing datasets is reported.

3. Results and discussion

Missing values analysis was carried out for each territorial level. At
the regional level, about 8% of data was missing, for micro-regions and
municipalities, the number was higher (20% and 26% respectively).
Missing data with known cause was replaced by a suitable estimate
(where applicable). Proportions of missing values point to the fact that
data quality decreases for lower territorial levels. The same phenomena
can be expected also for created models.

Waste generation variables (i.e. dependent variables) contained a
significant number of missing values. There are cases of municipalities
where the generation of MMW is not reported and, at the same time,
positive generation of some other MW components is registered. Such a
situation was handled as an error. In the case of a missing value in
MMW, the MW value was also removed, since the MW is artificially
defined as the sum of the respective fractions. MMW forms a large part of
MW; therefore, in the absence of information on MMW generation, the
value of the MW generation was not used either. For other fractions of
waste, it was assumed that the absence of the value was because the
collection of the given type of waste is not taking place in the munici-
pality and the missing value was replaced by zero. Legislative changes
can also cause missing values as well as other problems.

3.1. Outlier analysis

A process using the above-mentioned robust measure (see equation
(1)) was used. In addition, compared to the independent variables, the
boundaries were checked based on expertise for waste generation data.
Also in this case, the boundary for Q was set to 3.

Table 2 shows the corresponding upper bound values according to
which the respective values of different types of waste were assessed.
Table 2 also shows the percentages of identified measurements. At
municipal level, in case of identification of outliers of some of the
fractions, the MW values were also updated. If only one observation was
identified in the time series of the respective municipality and fraction,
it was (for the purposes of MW updating) replaced by linear inter/
extrapolation. At the regional level, only a few observations with MMW
and MW were identified as outliers.

At the level of municipalities, approximately 3% of the values for
independent variables were identified and removed by this procedure. A
total of 2% of the micro-region values were removed. For regions, it was
5% of values. Original dataset contained absurd values of annual MW
generation (e.g. over 300 and 20 tonnes per capita for MMW and PLA
respectively). However clear boundaries between outliers (i.e.
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Table 3
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Overview of tests p-values and CV performance measures for LR models — regional level.

Test p-values

Performance measures

Normality Mean value Correlation RMSE MAE MAPE R?
Ir MW 0.4625 1 0.002 0.01 0.01 31 0.74
Ir MMW 0.06101 1 0.072 0.01 0.01 2.59 0.73
Ir PAP 0.2473 1 0.832 0 0 9.83 0.32
Ir PLA 0.01577 1 0.034 0 0 10.64 0.73
Ir GLA 0.4797 1 0.018 0 0 5.33 0.77
Ir MET 0.2868 1 0.168 0 0 34.95 0.68
Ir_BIO 0.0006377 1 0.078 0.01 0.01 35.69 0.66
Ir BW 0.3061 1 0.33 0 0 12.05 0.38

errorneous inputs) and extremes (i.e. values distant from majority of
data) were not found. Thus, our approach does not make a distinction
between extreme values and outliers. This distinction can be quite
complicated even if the author possesses expertise in a given field. In
case of analysis of data from multiple fields, it is getting even more
complicated. One of the possible solutions is to focus just on ‘bulk’ of
data by excluding both extremes and outliers. Such a solution is far from
perfect and conclusions should not be generalized to excluded cases. For
more proper handling of this problem, distribution properties of ana-
lysed variables should be examined in greater detail. Considering waste
generation data for each territorial unit separately with respect to spe-
cific time development should be also helpful for distinction between
outliers and extremes.

3.2. Principal component analysis

In the case of many potential predictors which, in addition, are
strongly correlated with one another (i.e. a high risk of multicollinearity
in regression models), it is advisable to use the principal component
analysis (Hastie et al., 2009).

Prior to PCA application, variables containing many missing values
(over 20%) and at the same time not strongly correlated with dependent
variables (for the regional level about two thirds of all available vari-
ables) were removed. The remaining variables were centralized and
standardized before PCA was performed (individual variables are often
in significantly different orders, which would strongly affect the results).

At the regional level, 40 PCs (10 in use) were created, 19 PCs (6 in
use) for micro-regions and 21 (9 in use) for municipalities. The choice
about the number of PC in use for further analysis was made based on
the so-called Kaiser rule (Kaiser, 1960).

3.3. Linear regression-based models

This section describes the results of selected models, including their
diagnosis. All models covered by this section were created using PCs as
independent variables. Moreover, at the municipal level, so-called
dummy variables were added for BIO and MET models to indicate
whether they were collected in the given municipality.

3.3.1. Multiple linear regression (LR)

For regional data, most models MAPE range from 3% to 12%. The
results for MET and BIO are significantly worse, but this is not surpris-
ing. In some municipalities, the collection of these types of waste is not
in place, which may also affect the aggregated data. The R? values (at the
level of the regions) are in a relatively wide range (from 0.32 for PAP to
0.77 for GLA). It should be noted that a lower value of R? does not
necessarily mean a bad model; it may be the case that the average value
already provides a sufficiently accurate estimate and the deviations from
it are not very large. Table 3 shows p-values of performed tests. All
models at regional level pass t-test, two models (Ir_PLA, 1r_BIO) violate
assumption of normality and three models (Ir. MW, Ir_PLA, Ir_GLA) have
not uncorrelated residuals. However, it should be noted that some of the
values are close to selected significance level («x = 0.05). In such a case,

no strict conclusions should be made about the test results.

At the micro-regional level, the accuracy deteriorated dramatically
compared to the regional level (most of the MAPESs ranged from 10 to
30%); for MET and BW, it was more markedly deteriorating (MAPE
value over 100%), and for BIO, the absurd value in the order of tens of
thousands. This phenomenon is due to the presence of very small pro-
ductions, where the model makes a small absolute error, but the relative
error is very high. Pure zero values were omitted for calculating MAPE
for BW and BIO; otherwise this calculation would not make sense.
Compared to the level of regions, there are already significant problems
with fulfilling the assumptions. Strictly speaking, none of the models
meet the assumptions; however, virtually, the normality violence or
independence of residuals (judged by correlation) in PAP or PLA models
were rejected only tightly, and such models could be considered
applicable.

At the level of municipalities, another expected deterioration occurs
in terms of accuracy for all criteria (with exception of R?). Out of all
modelled fractions, just MW and MMW reached MAPE < 100%. The
reason is the same as with BIO at the micro-regional level. Extremely
small observations could, of course, be eliminated (as with MMW), but
in this case, it would be very difficult to deduce when the value is
erroneous and when the low value is because the collection of the given
fraction in the area is just beginning. The trend of deteriorating accuracy
is not maintained with R? for BIO and MET where the improvement at
the municipal level is due to the addition of the so-called dummy vari-
able indicating whether waste is collected in a given municipality in a
given year. At this level, there is already a severe violence of LR as-
sumptions in all models. Results for micro-regions and municipalities
are reported in Appendix A.

3.3.2. Generalized linear model (GLM)

GLM models have comparable results to LR models at regional level.
At the level of micro-regions and municipalities, it was necessary to
specify the starting value of the calculation for some waste fractions; LR
estimates served this purpose. With this setting the resulting GLM
models were comparable to LR apart from the municipal level (GLMs are
better). This is probably due to the omission of zero values in gamma
regression models (selected GLM approach). With the lowest units —
municipalities, it was not possible to create a model for BIO (therefore
performance measures and test results are not reported) and the quality
of models was deteriorated due to the presence of zero production. See
Appendix B for performance measures and test results.

3.4. Tree-based models

Unless otherwise stated, all models in this section are based on the
same data as the models of LR and GLM. RMSE is minimized to find
optimal values of model parameters. The same number remains in terms
of considered inputs (PC) and observations.

3.4.1. Decision trees (DT)
Commonly optimized parameters of DT are complexity parameter (cp
— denoted by a in some literature) and maxdepth (maximum tree depth).
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Table 4
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Overview of parameter setup and CV performance measures for RF models — regional level (both PCA and OV versions).

Mtry Performance measures - PCA Performance measures - OV

PCA ov RMSE MAE MAPE RIZZF RMSE MAE MAPE RIZBF
f MW 7 14 0.01 0.01 2.99 0.75 0.01 0.01 2.79 0.75
f MMW 5 15 0.01 0.01 2.51 0.8 0.01 0.01 2.62 0.67
rf PAP 4 26 0 0 8.74 0.41 0 0 8.27 0.41
rf PLA 6 8 0 0 9.14 0.86 0 0 8.22 0.82
rf GLA 6 26 0 0 5.55 0.74 0 0 4.81 0.79
rf MET 7 8 0 0 46.9 0.54 0 0 36.18 0.67
rf BIO 7 22 0.01 0.01 37.46 0.75 0.01 0.01 29.7 0.73
rf BW 7 17 0 0 9.09 0.64 0 0 8.05 0.64

Table 5
Overview of best models (based on MAPE) performance measure values for modelled waste fractions — micro-region and municipality level.
Model Micro-region Model Municipality
RMSE MAE MAPE R? RMSE MAE MAPE R?

MW RF-OV 0.03 0.02 7.54 0.50 RF-OV 0.09 0.07 53.92 0.37
MMW RF-OV 0.02 0.02 8.52 0.56 RF-OV 0.06 0.04 56.84 0.44
PAP RF-OV 0 0 24.29 0.33 RF-OV 0.01 0.01 307 0.26
PLA RF-OV 0 0 19.69 0.53 RF-PCA 0.01 0.01 435 0.08
GLA RF-OV 0 0 13.23 0.44 RF-OV 0.01 0 90.01 0.24
MET GBRT 0 0.00 126.21 0.09 RF-OV 0.01 0 1369 0.41
BIO RF-OV 0.01 0.01 25,673 0.44 RF-OV 0.03 0.02 13,400 0.25
BW GBRT 0.01 0.01 85.66 0.18 RF-OV 0.01 0.01 640 0.28

Their goal is to find a balance between the complexity and the depth of
the tree. Both values are first optimized separately due to computational
demands. The values found in this way serve as a basis for optimizing
both values simultaneously. In both steps of parameters optimization
(individual and combined), repeated cross-validation is used with divi-
sion into 10 subsets and 3 repetitions. The models were subsequently
pruned, resulting in the final DT models. In terms of selected perfor-
mance criteria, DT models appear to be worse (compared to LR and
GLM, see Appendix C for regional level results and parameter settings),
which was the expected result. However, the results confirm the con-
clusions of previous models (higher accuracy with increasing levels of
territorial breakdowns or the same “problematic” types of waste).

3.4.2. Random forest (RF)

The main advantages of RF include high accuracy and little to no
need of parameter tuning (Kalmar and Nilsson, 2016). For this reason,
only the mtry parameter, which specifies the number of randomly
selected variables to be selected at each division, is optimized. The
default setting for this parameter is one-third of the number of inde-
pendent variables available, with values ranging from one to two-thirds

MAPE of the best model for given waste fraction and territorial level

Fig. 2. Comparison of MAPE for all modelled fractions and territorial levels
(best models).

Region [l Miere-region [l Municipaity

| ‘ ‘ ‘ i
PAP Pl GLA MET
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MAPE [%)] (logaritmic scale)

of the predictors tested during the search. This parameter was optimized
at the level of municipalities due to computational demands, so the
values corresponding to the basic algorithm settings were used.

Since the splitting nodes are only selected from a subset and the
model can be easily created in parallel, so the RF for original variables
(OV) were also created. The performance results and parameter settings
for regional level are given in Table 4.

3.4.3. Gradient boosted regression trees (GBRT)

For GBRT, two parameters were optimized, in particular: learning
rate (eta - lower values reduce the risk of overfitting but leads to a higher
computational time) and maxdepth (maximum tree depth). To find
optimal parameter values, eta values of 0.001, 0.005, 0.01, 0.05, 0.1
were used, maxdepth of values from one to the number of variables (PC)
were examined. At the same time, the numbers of iterations (nrounds)
were recorded, after which the values of the purpose function in the last
10 steps no longer improved. Values of selected performance measures
and parameter settings for regional level are presented in Appendix C.

The quality of models varies considerably for different territorial
levels. Variations and inaccuracies at municipal level are often
smoothed for higher territorial units due to aggregation. At the regional
level R? values vary considerably for different waste fractions, the same
is true for MAPE. At micro-regional level, RF shows superiority in terms
of MAPE (see Tables 3 and 5). The use of original variables for RF models
brings a slight improvement of MAPE in most cases (about 10% in
comparison with LR or GLM). However, micro-regional level models
bring unsatisfactory results for some of the fractions (MET, BIO, BW).
This pattern continues (and strengthens) at municipality level (see
Table 5). The results also confirm that RF are strong in ‘decorrelation’ of
predictors (without using PCA).

The results of LR models on municipality level confirm problems
with accuracy of modelling of MW (fractions) in the Czech Republic via
socio-economic and demographic variables, see Rybova and Slavik
(2016), Rybova et al. (2018). In comparison with Prades et al. (2015) or
Lebersorger and Beigl (2011), results from the Czech Republic are much
worse. One of the reasons could be data quality. Another reason is that
Prades et al. (2015) analysed only cities with population over 5000 and
Lebersorger and Beigl (2011) results are for transformed variable MW
= log(MW). Moreover, Lebersorger and Beigl (2011) analysed only data



M. Rosecky et al.

from one year (with census data available) and only one region of the
country. So, none of these results are fully comparable with our results.
Our analysis is also more comprehensive. Moreover, findings of this
paper may be beneficial even for forecasting models like Ghinea et al.
(2016), in two ways. First, better predictors can be found and second,
accuracy of the models for other fractions or territorial levels can be
estimated.

Up to our knowledge, there is no paper dealing with micro-regional
and regional level for the Czech Republic data. For MMW production
modelling comparison on regional level, Keser et al. (2012) can be used
as Turkish ‘provinces’ are roughly comparable to Czech ‘regions’ in
terms of population. R? of Keser et al. (2012) for MMW modelling ranges
from 0.4 to 0.62 depending on the model. Our models for MMW on
regional level perform better (see Table 3, Table 4 and Appendix) with
DT as the only exception. Moreover, our results are based on CV and thus
should be more reliable. Fig. 2 shows comparison of MAPE for all
modelled waste fractions.

3.5. Influential factors

Influencing factors are analysed based on t-statistics from regression
models. At the municipal level, our results indicate three groups of socio-
economic variables with the significant impact on MW generation - age,
number of applicants for a job, and amount of expenditures. According
to our results elderly people of age 65+ are more prone to separate PLA,
GLA, MET, BIO, and BW. Our results are consistent with previous find-
ings (based on individual, household, or municipal level data) that
found elderly people more willing to participate at recycling activities
(Sidique et al., 2010). Sidique et al. (2010) concluded that older people
use drop-off recycling sites more often, especially when the travel dis-
tance from home to a site is shorter. Therefore, the localization of
drop-off recycling sites matters when encouraging people to separate
waste, mainly when elderly people stay in the centre of attention.

Nevertheless, the role of age in explaining the waste (or recycling)
behavior seems to be tricky. Our results also found elderly people of age
65+ to generate more MW. Struk and Soukopova (2016) came to the
same result for the people aged 50-79. They explained this result by the
specific habits of elderly people when they prepare households for being
retired - reconstructions, replacement of household goods, or sorting
and disposal of goods accumulated during the active life. On the other
hand, these results contradict with Sterner and Bartelings (1999) who
concluded that based on their frugal lifestyle older people generate less
waste. Obviously more detailed work with age groups is needed when
explaining behavioral settings of elderly people.

Some authors replace missing data about income at the municipal
level by the unemployment rate. Rybova and Slavik (2016) concluded
that increasing unemployment leads to a higher MW generation. Our
results indicate lower separation of PAP, PLA, and BIO when the number
of applicants for a job increases (incl. of those applicants who are in an
evidence for more than 12 months). However, the number of applicants
for a job seems to be of lower significance when explaining the MW, or
MMW generation.

Based on the data on the municipal level our research indicates a
significant relationship between MW generation and expenditures of a
given municipality. Expenditures are commonly highly correlated with
income and thus can be used as a proxy for the economic level of a
municipality. Moreover, high expenditures can indicate general devel-
opment of the municipality. Lebersorger and Beigl (2011) found that per
capita tax income of municipality (another possible proxy for economic
level) increases MW. According to our results, the same is true also for
individual fractions of MW.

Our results for micro-regions and regions are compared mainly to the
results of papers at the lower territorial levels, due to lack of relevant
papers for higher levels. Socio-economics factors influencing the MW
generation and separate collection change at the micro-regional level.
The most significant factors are the population density, number of
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economic subjects with no more than 10, and 50 employees, share of
flats in family houses, and age. Our results indicate a positive relation-
ship between the population density and the MW generation, and the
separate collection of PAP, PLA, MET, BIO, or BW. These results for MW
are in accordance with Mazzanti et al. (2008). However, the negative
coefficients for MMW and GLA imply some specific management settings
based on density economies - e.g. shared collection containers, or lack of
space increases a pressure on waste prevention, minimization, and
separate collection.

Our results for the relationship between the number of economic
subjects and MW generation are ambiguous. While results for economic
subjects with no more than 10, and 50 employees indicate some rela-
tionship, results for more than 50 employees are insignificant. Probably,
the reason lies in the difference in management of MWM between those
economic subjects. While economic subjects with more than 50 em-
ployees generate types of industrial waste with lower amounts of waste
that is similar to MW and have their own contract to waste company to
collect and dispose their waste, economic subjects with 0, or no more
than 10, or 50 employees generate waste similar to MW and they are
connected on the MWM system (incl. the contract with the municipal-
ity). Therefore, the results for economic subjects with no employees
indicate higher generation of MMW with an increasing number of these
subjects (especially small traders, services etc.) participating in the
municipal system and generating waste similar to MW. Results for
separate collection fractions are ambiguous. While fractions with their
functioning market for secondary raw materials (PAP, MET, or some
types of BW) evidence lower generation with increasing number of
economic subjects with no employees, the amount of other fractions
(PLA, and GLA) increases in the municipal system. The involvement of
economics subjects in the MWM system is crucial when planning the
financing, operation, and investments in the system. Therefore, the
active cooperation between economic subjects and municipalities is
considerable.

The share of flats in family houses largely expresses the possibilities
of households in the MWM. Barr et al. (2003) confirmed that households
living in the family house separate more waste than households in a
block of flats. The reason lies in better conditions for the storage of waste
and its fractions (e.g. garage). Furthermore, according to Alexander
et al. (2008) these households perceive less barriers in the waste sepa-
ration. Nevertheless, our results seem to be in the contradiction with
these conclusions - increasing share of flats in family houses leads to
lower amount of PAP (maybe because of the combustion of the PAP in
the heating chamber - see Lebersorger and Beigl, 2011), MET (sell for
market price), or BW (e.g. combustion of wood components). Higher
MMW generation could result from the higher production of ash (Den-
nison et al., 1996). Another possible reason is that results from lower
levels (all references in this paragraph) are simply not preserved for
micro-regional level.

Dependence of the MW generation on the age structure at the micro-
regional level has analogous results as at the municipal level.

At the regional level especially, following variables are significant:
age structure, number of applicants for a job, education, or number of
economic subjects. The impact of age structure seems to be the same as
for micro-regions and municipalities. Higher share of people aged 15-64
increases MMW generation and decreases separate collection. Age group
65+ and mean age behave in the opposite way. However, the effect on
PAP seems to be weak for age structure related variables. In the case of
applicants for a job results from the municipal level were confirmed. The
increasing number of applicants for a job leads to lower separate
collection of PAP, MET, or BIO. Probably, the reason lies in the sale of
PAP and MET at the secondary raw materials market. The results for
other fractions seem to be insignificant, however, the number of appli-
cants for a job negatively influences the generation of MW (because of
lower amounts of PAP, MET, and BIO).

At the regional level the level of education seems to be significant
when explaining MW generation. According to our results the increasing
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Fig. 3. Example of deterioration of relationship when moving from higher to lower territorial levels. Points graphs for Age 15-64 and PLA for level of municipality

(left), micro-region (middle) and region (right).

number of people with secondary education (without graduation) leads
to decreasing separate collection and increasing generation of MMW.
Because the impact on separate collection is stronger than on MMW
generation, MW generation decreases. These results are in accordance
with Rybova and Slavik (2016) who found the level of education as a
crucial variable. The higher share of higher educated people in the
population the higher the separate collection. Our results partially
contradict with Keser et al. (2012) who found higher generation of
MMW in regions with higher share of higher educated people. However,
this effect is significant only for 60% of Turkish regions (Keser et al.,
2012). On the other hand, our results in the case of education with
graduation show a higher separate collection of PLA, GLA, and BIO.

Considering the number of economic subjects at the regional level
our results confirm the results from micro-regional level. The higher
number of economic subjects with no employees, the higher generation
of MMW and lower separate collection of PAP. Results for other fractions
are not significant. Based on the current research of socio-economic
variables influencing MW generation especially the average household
size seems to be of key importance. Increasing average household size
leads to the decrease of average generation of the waste (Lebersorger
and Beigl, 2011). Our results indicate the decreasing separate collection
of PAP when the average number of household members increases. As
Johnstone and Labonne (2004) stated the reason lies in the opportunity
to share some types of products (e.g. newspapers, but also books).
Therefore, facing the trend of increasing number of single households
nowadays, the average amount of (M)MW per person is going to in-
crease. Not only P&E campaigns enhancing environmentally sound
behavior (waste prevention and minimization), but also sharing of the
waste infrastructure (e.g. containers for MMW) could limit the negative
environmental consequences of the changing lifestyle.

Transferability across the levels can be summarised as follows:

- Age structure seems to be important for all analysed levels for most of
the fractions. Moreover, the direction of relationships preserves.
Higher share of population aged 15-64 increases generation and
decreases other fractions as well as MW. Average age and share of
population aged 65+ have opposite impact.

- The number of economic subjects for micro-regional and regional
level do not behave in exactly the same way, but do not contradict
each other.

- Education seems to be important at the regional level since the share
of the people with secondary education (without graduation) ranks
among the top 5 predictors for all but two (MET, BW) analysed
wastes. It could be helpful to use this information also for munici-
palities and micro-regions, if possible.

Regarding the public policy a significance of mentioned factors at
different territorial levels is of key importance for practical decision-
making processes. As Dahlén and Lagerkvist (2010) stated influential
factors can be divided in factors controlled by local/regional WM au-
thorities, national authorities and factors beyond the possibility of
control. Share of the people with secondary education (without gradu-
ation) can be considered as ‘super predictor’ for regions, age structure
related variables (especially mean age) and share of flats in family
houses for micro-regions and expenditures for municipalities. This
conclusion is in accordance with the subsidiarity principle that calls for
making decision at the level of public administration most appropriate
for finding solutions (more in Buclet, 2002, or Deszczka-Tarnowska and
Wasowicz, 2016). While municipal representatives focus on public ex-
penditures determining the socio-economic aspects and convenience of
MWM system for households, and other subject using this system
(Soukopova et al., 2016), micro-regional authorities are able to influ-
ence the efficiency of the system through economies of scale (e.g.
Dijkgraaf and Gradus, 2007), and economies of density (e.g. Abrate
et al.,, 2012), and regional authorities could shape the education of
students aimed at increasing the general and instrumental knowledge
(Slavik et al., 2018).

Revelation of relationships between influencing factors and waste
generation enhances quality of scenario approaches for forecasting. This
allows decision-makers to make the system more flexible both from
short-term (waste collection, material recovery, operation of WtE
plants) and long-term (capacity and WtE plants) point of view. It should
be noted that conclusions about influencing factors for municipality and
micro-regional level are questionable since the quality of these models is
quite poor in most cases (especially for municipality level). Moreover,
the results should not be generalized to the whole population, since
extreme cases were excluded (not distinguished from outliers). Although
(spearman) correlations are safely significant (i.e. p-values are far below
significance level of 0.05) for multiple predictors, they are very weak
(especially for municipality level) as can be seen in Fig. 3. No strong
statements and actions should be made based on such results.



M. Rosecky et al.

4. Conclusions

Multiple predictive models for various MW fractions using social,
economic and demographic data were created for different territorial
levels of the Czech Republic. Moreover, assumptions of LR and GLM
were checked. The results for particular waste fraction are usually quite
similar across used models. Therefore, most of the information provided
by the input data was probably used. In such cases, “white-box” models
like LR should be preferred. The models at the regional level can be
considered useful (with exception of BIO and MET). In contrast, the
models for lower levels (micro-regions and municipalities) have almost
a negligible predictive value and are thus basically useless for descrip-
tion of data dependencies.

Our research confirmed the significance of socio-economic and de-
mographic variables that highly influence MW generation. Especially
age, education level, share of flats in family houses, number of appli-
cants for a job, amount of expenditures, or population density matter in
MWM. However, the significance of these variables differs considering
municipal, micro-economic, and regional perspective of the analysis.
Furthermore, the significance of the number of economic subjects con-
firms the close relationship between MWM and the market for secondary
raw materials that absorbs fractions from the separate collection.

In accordance with the subsidiarity principle our results indicated
that there is not one single effective public policy dealing with circular
economy strategy that fits all territorial levels. Public representatives
should focus on policies effective at specific territorial level. To enable
public bodies at different territorial levels to undertake an effective
action resulting in circular economy the crucial attention should be paid
to various factors influencing the generation of MW fractions at regional,
micro-regional and municipal level in the Czech Republic.

Appendix A. Supplementary data
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Furthermore, problems with missing values, outliers (and extremes)
and distinction between ‘statistical’ and ‘real-world’ significance were
addressed. Future research should involve a more sensible approach to
missing values and outliers/extremes in MWM. Another possibility to
improve model selection for linear models is to test other ways for model
selection (e.g. lasso regression) or use other performance measures (e.g.
Bayesian information criterion). At the municipality level creation of
more specific models (e.g. according to municipality size) or spatial
models (e.g. geographically weighted regression) may be also helpful.
Furthermore, the future research should evaluate the environmental
effectiveness and efficiency of chosen policy measures on different ter-
ritorial levels.
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Nomenclature

MW Municipal waste

MMW  Mixed municipal waste
PAP Paper waste

PLA Plastic waste

GLA Glass waste
MET Metal waste

BIO Biodegradable waste

BW Bulky waste

LR Linear regression

GLM Generalized linear model

DT Decision tree

RF Random forest

GBRT Gradient boosted regression trees
GIS Geographic information system
WM Waste management

MWM  Municipal waste management
Ir MW LR model for MW

Ir MMW LR model for MMW

Ir PAP LR model for PAP

Ir PLA LR model for PLA

Ir GLA LR model for GLA

Ir MET LR model for MET
Ir_BIO LR model for BIO

Ir BW LR model for BW
RMSE Root mean square error
MSE Mean square error

MAE Mean absolute error
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MAPE  Mean absolute percentage error

R? Coefficient of determination

RZ, ., Coefficient of determination for GLM
R2, Coefficient of determination for DT
R%, Coefficient of determination for RF

Maxdepth Maximal depth of tree

Minsplit Lowest number of observations to attempt split
Minbucket Lowest number of observations in leaf node
complexity parameter Minimal improvement needed at each node
Mtry Number of variables available at each node

Learning rate Step size for parameter tuning

Nrounds Number of iterations

oV Original variables

PCA Principal components analysis
PC Principal components

Ccv Cross-validation

glm_ MW GLM for MW

glm MMW GLM for MMW

glm PAP GLM for PAP

glm PLA GLM for PLA

glm GLA GLM for GLA
glm_MET GLM for MET

glm BIO GLM for BIO

glm BW GLM for BW

rt MW DT model for MW

rt MMW DT model for MMW
rt PLA DT model for PLA

rt PAP DT model for PAP

rt. GLA DT model for GLA

rt MET DT model for MET
rt_BIO DT model for BIO

rt_ BW DT model for BW

rf MW  RF model for MW

rf MMW RF model for MMW
rf PLA  RF model for PLA

rf PAP  RF model for PAP

rf GLA  RF model for GLA

rf MET RF model for MET

rf BIO RF model for BIO

rf BW RF model for BW
gbrt MW GBRT model for MW
gbrt MMW GBRT model for MMW
gbrt PLA GBRT model for PLA
gbrt PAP GBRT model for PAP
gbrt GLA GBRT model for GLA
gbrt MET GBRT model for MET
gbrt BIO GBRT model for BIO
gbrt BW GBRT model for BW
GDP Gross domestic product
WtE Waste-to-Energy
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The paper deals with the development and presentation of the use of an advanced computational
optimization tool for the conceptual planning of facilities in the field of waste-to-energy.
The determination of the suitable capacity and sizing of an appropriate heat recovery system, according

to adopted heat utilization strategy (i.e. either only electricity production or combined heat and power if
feasible), represent crucial decisions about each individual incineration plant in its early project stage. The

Keywords: economic feasibility of the project should be guaranteed at the same time. The feasibility is measured by
Optimization . . . .. . L.

Modelling internal rate of return. An optimization model supporting such decisions was built and is introduced.
Stochastic programming Building a new incinerator, from the initial considerations to its full operation, is a long-term process
Scenarios with duration at a minimum of 5—7 years. The erection is then followed by an operational phase

Waste-to-energy facility planning

exceeding 20 years. The unclear future development of important parameters affecting the project

sustainability is reflected by implementing principal concepts of stochastic programming.

In the article, a brief overview of principal ideas related to decision making under uncertainty (wait-
and-see and/or here-and-now approaches, specification, and use of scenarios) is given first, followed by
the description of a mathematical model. Then, the selected approach is demonstrated through a case
study involving a municipal solid waste incinerator.

© 2013 Elsevier Ltd. All rights reserved.

1. Waste-to-energy in Europe and its future potential in the
selected region

Municipal solid waste (MSW) represents a worldwide challenge
in terms of its effective disposal. The following hierarchy is preferred
by EU legislation [1]: 1. Prevention, 2. Re-use, 3. Recycling/com-
posting, 4. Recovery, 5. Landfilling. The fulfilment of this strategy
differs from state to state and relates to the local waste management
legislation and other socio-economic factors (see Fig. 1).

22% of MSW (approx. 70 Mt) was thermally treated in the EU27 in
2009 [3]. Unfortunately, 38% of current production is still landfilled.
The overall MSW production rate in most EU countries has increased
in the last 15 years at by least 10% [4]. Waste management in many
countries, not only in the EU, will have to undergo significant
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1359-4311/$ — see front matter © 2013 Elsevier Ltd. All rights reserved.
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changes in the coming years, which will include the diversion from
dominant MSW landfilling to other treatment options (e.g., material
and/or energy recovery) [5]. The phenomenon of decoupling be-
tween production and landfilling of MSW in EU is widely discussed
in Mazzanti [6]. A comprehensive review on up-to-date technologies
in this field incl. assessment of their negative impact to the envi-
ronment can be found in Ref. [7]. There are several analyses related
to individual regions, where the future of a waste management and
new waste-to-energy (WTE) plants planning were discussed, e.g.
Ref. [8] for the situation in Central Greece and [9] for the situation in
Chile. In this paper, we pay more attention to providing data on the
current situation in the Czech Republic and its future perspective,
since this region is involved in the case study later on.

In the Czech Republic, approximately 18% (638 kt/y) of gener-
ated MSW was incinerated in three operating WTE plants (in the
cities of Brno, Liberec, Prague) in 2012.
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Notation

Cc capital cost (EUR)

Ccr gate fee (EUR)

CeL price of electricity (EUR)

Ctu price of heat (EUR)

DH district heating

Dry heat demand (G]J)

EU European Union

f first-stage objective function
21, &2 inequality constraints

hy, hy equality constraints

IRR internal rate of return

MBT mechanical—biological treatment
MSW  municipal solid waste

p probability (%)

q second-stage objective function
Q(x,5) cash balance

RDF refuse-derived fuel

s scenario

S set of scenarios

ScHD scenarios for trend of heat demand
WTE waste-to-energy

X first-stage decision (waste treatment capacity, steam
turbine choice)

XcApP suggested waste treatment capacity (t/y)

Xconp  suggested condenser capacity (MW)

XgLest  suggested turbine output for heat-oriented operation
(MW)

XeLmax  suggested turbine output for electricity-oriented
operation (MW)

(&) second-stage decision (the operation of a plant — heat
or power)

YEL realized electricity production (MW h/y)

Y1H realized heat production (MW h/y)

&s realization of uncertain parameter

Since approximately 3350 kt/y of MSW will have to be treated
using a method different from landfilling in 2020 [10], the existing
waste management system has to be modified. There are two main
strategies that are frequently analyzed (their comparison is dis-
cussed in Ref. [11]):

e mechanical—biological treatment (MBT) with the utilization of
refuse-derived fuel (RDF) in energy production systems [12] and
e waste treatment in WTE plants [13].

A study [14] stresses potential locations of new WTE plants for
year 2020. The proposed site-areas are strongly related to existing
well-developed district heating (DH) networks, which enhances
the positive environmental impact of its operation (discussed in
Ref. [14]). The connection between proper placement and its effect
on WTE plants’ efficiency is described in Grosso [15]. This leads to
complex integrated systems requiring proper optimization of their
operation [16]. Besides WTE, the concept [10] maps existing plants
for RDF utilization, e.g. co-firing in cement kilns, coal-fired power
plants, etc. It would enable the attainment of targets in the land-
filling of the biodegradable part of MSW for the Czech Republic [5]
and, at the same time, it would contribute to effective energy
production from waste. The concept assumes the erection of 11
WTE plants with waste treatment capacity of 100—430 kt/y by
2020. The overall WTE capacity, including existing plants, should
increase then to 2800 kt/y. The expected heat and electricity pro-
duction, in the case of incentive conditions for combined heat and
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power production in Czech legislation, is expected to be 8—14 PJ
and 800—1000 GW h/y. The expected overall capital investments
have been roughly estimated at 2.3 x 10° EUR. The concept is now
being elaborated on in more detail by the authorities and regions,
as well as selected projects being evaluated and optimized by in-
vestors. This procedure should involve the consideration of un-
certain parameters, which are important for the intended WTE
plant’s financial sustainability:

capital costs (C¢) that address recent technologies with emis-
sion levels well below the statutory limits,

the trend of MSW production and waste composition, which is
different from region to region; is related to economic conditions,
availability of separate collections systems (for plastics, paper,
glass, etc.), and their effectiveness; influences lower heating
value and the collection area to satisfy waste treatment capacity,
payment for waste at the incinerator entrance (gate fee Cgp),
which is driven by competition in the waste management
sector and landfill taxes,

heat demand (Dry) in DH network and the price of heat (Cry),
i.e. the decrease of heat demand may be caused by the
implementation of energy savings, the decrease in number of
customers, and brake-up of DH network,

electricity price (CgL) and subsidies, etc.

Uncertainty in these crucial parameters, and their future trends
in combination with the multi-disciplinary character of the
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Material recycling

M Other forms of recycling
(including composting)

:

2T ggeEeTEE O @ ©
gz g8 3800
S 58255235555
302 5s 28335 g
S g 9 o - < S
e £ 2 a
3 s =
=

o

[

N

3]

Fig. 1. Municipal waste treatment in EU27 in 2009 [2].



108 R. Sompldk et al. / Applied Thermal Engineering 61 (2013) 106—114

modelling challenges (from waste management to energy genera-
tion), make the task of new WTE facility planning quite complex. The
challenge is to replace the intuition-based design with an approach
involving the use of sophisticated computational tools. The idea was
first described in Ref. [17] and an appropriate mathematical model
introduced in Ref. [18]. In the paper [19] the model was tested
through a case study involving the aforementioned waste manage-
ment concept coming from Ref. [10]. In this paper a brief summary is
provided, and then the original case study from Ref. [19] is updated
in terms of its input parameters, recalculated, and elaborated in a
more detailed way. The economy of the proposed solution is tested
under different scenarios of heat and electricity prices.

2. Advanced computational approaches

Let us focus on introducing advanced computational methods in
this section. Firstly, an example of up-to-date technology is described.
This technology is further involved in the mathematical model, which
represents an original achievement of the authors in this application
area. The presented performance characteristics related to the heat
and electricity generation within the plant, from previously pub-
lished papers, create the set of inputs parameters further used in the
case study. Then it is used for the development of a suitable mathe-
matical model. Specifically, it is able to work with real-world data and
still be solved through the transformation to a nonlinear programme
and by the efficient iterative algorithms implemented in the GAMS
(General Algebraic Modelling System) set of solvers. The detailed
model description and its discussion can be found in Ref. [18].

2.1. WTE plant model

The flow sheet of the technology, with the key components
considered for building a mathematical model of the WTE, is pre-
sented in Fig. 2. The detailed technology description is provided in
Ref. [20]. The same paper discusses the various heat utilization stra-
tegies and points out the main parameters affecting the design of
MSW plants. From the set of important aspects we focus more on those
directly related to the objective of our calculation as depicted in Fig. 2.

The WTE plant model involves steam production with common
parameters of 400 °C and 4 MPa to avoid increased high-temperature
corrosion risk in boilers [21]. The further general model of an
extraction condensing turbine with one extraction is considered. The
extraction pressure is 1.5 MPa and subsequent steam export for the
district heating system is also taken into account.

The steam turbine represents a key part of the heat recovery
system. The method of plant operation, in terms of released heat
utilization (electricity and/or heat), has a significant effect on the

Waste treatment
capacity (Xcap)

Steam production

Incineration and heat recovery Electrostatic

pre

environmental benefits of the technology (discussed in Ref. [20]).
The overall WTE plant efficiency increases with heat delivery to
district heating. At the same time, heat and electricity produced in
one process (i.e. in a co-generation) reduces the use of fossil fuels in
conventional plants (heating stations, power plants), where the
production of corresponding energy is omitted (Ref. [14] expressed
as primary energy savings). The turbine model consists of two stages
divided by steam extraction for heating purpose, the backpressure
stage and condensing stage. About 10% of steam produced is used in
the condensing stage even in the case of a high heat demand
(technology constraints). When there is no heat demand, all the
steam produced is used in the condensing stage. The complex
models for turbine modelling, including its part-load operation, can
be found in Ref. [22]. In this paper, a simple model addressing con-
stant isentropic efficiency for a specific turbine capacity (in correla-
tion with waste throughput) was used for simplicity. The linear
dependence of isentropic efficiency on turbine (WTE plant) size was
obtained by consulting the turbine manufacturer. The isentropic
efficiency in ranges 75—80% and 80—85% can be expected for
throughputs 100 kt/y and 300 kt/y (discussed also in Medina-Flores
[23]). The relation between electricity production and heat produc-
tion for heat recovery system in Fig. 2 was considered after [20].

A mathematical model reflecting the aforementioned technol-
ogy layout, mass and energy flows, was implemented in GAMS and
further used in the subsequent case study. A detailed description of
elements of the model can be found in Ref. [18].

2.2. Two-stage stochastic programming

Stochastic programming techniques seem to be suitable tools to
deal with the uncertainty in the similar engineering problems, e.g.
see Ref. [24] where scenario-based fuzzy-stochastic quadratic pro-
gramming was utilized for identifying optimal MSW management
or [25] where stochastic linear fractional programming was used for
a similar problem. As the result of the research, the proper approach
to tackle the problem was further specified as two-stage stochastic
programming modelling, and hence, an original scenario-based
two-stage stochastic programming model was created.

In general, this approach deals with problems that are time-
discrete, and in which, the decisions are made at different points
in time. From the decision maker’s point of view, the decisions may
be classified as follows [26]:

1. Decisions that are made at the beginning when no information
on the realization (term frequently used in statistics for future
development) of uncertain parameters is available. Such de-
cisions are called first-stage decisions.

Turbine type and

capacity (Xg \ax) Stack

|

Bag-house filter

Waste

turbine

Condensate

Air cooler

Wet scrubber

\ Condenser capacity (Xconp)

)
—

Heat and power
export (V1 ext, VELEXT)

Fig. 2. Simplified flow sheet of typical MSW incineration technology.
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2. Decisions that are made after values of uncertain parameters
are known. These decisions are called second-stage decisions.

An uncertain parameter is further denoted as &, the first-stage
decision as x and the second-stage decision as y(£). In the case of
discrete probability distribution, a lower index is used to make a
difference among the individual decisions made for individual re-
alizations of .

In our case study, we can be more specific about the interpre-
tation of random elements and variables. Thus, x is related to de-
cisions on waste treatment capacity, steam turbine choice
(backpressure or extraction condensing turbine) and y() is related
to decisions on the operation of a plant (heat-oriented operation or
electricity-oriented operation) according to the trend of the key
uncertain parameters influencing plant economics (examples were
mentioned in Section 1), see Ref. [18] for details.

It is necessary to decide how to model possible realizations of
uncertain parameters. Instead of statistical inference and identi-
fying multivariate continuous probability distribution parameters,
the use empirical data has been preferred, and related to discrete
probability distributions. This directly leads to a so-called scenario-
based approach, which is frequently used in industrial applications
of stochastic programming, see, e.g. Birge and Louveaux [27].

2.3. Scenario-based approach

Scenarios create a set of realizations of uncertain parameters £,
which can be enumerated by index s, and denoted as &;. For
simplicity, from the whole range of ¢ affecting the plant design, only
heat demand, heat, and electricity prices and their realizations are
included in our scenarios. In the literature, it is often called scenarios;
however some authors identify scenarios with indices. The common
sense reasoning and utilize both ideas by using the concept of sce-
narios for indices has been used as well. Therefore, a set of indices is
denoted as S = {1, 2, ..., L}, where L is a number of different indices.
The scenario s has the probability p; >0, ¥ se Sand >_ ps = 1.Ifthe

seS

set S is a set with a large number of elements then the optimization
problem can be difficult to solve as its number of variables and
constraints exponentially grows with the increase of the cardinality
of the scenario set. Therefore, it is recommended to initially include
only those scenarios, which are most relevant. It is preferred to select
scenarios to be based on expert opinion; hence, the discussion of
such choices is in the next section. This approach leads to a case of
the set S with a small number of elements, and so all recently
developed scenarios are included in the model. It is further assumed
that the total expected investments involving the chosen scenarios is
minimized. Then, the underlying programme [18] is converted to the
stochastic programme, minimizing the expected expenses under all
constraints, see Ref. [27]. The following key transformation step is to
utilize scenarios, and hence to obtain the scenario-based stochastic
programme, which can be treated as a nonlinear programme with a
decomposable structure, see Ref. [18]. In short, such a nonlinear
programme for the purpose of our paper with the utilization of the
ideas of Section 2.2, can be defined as follows:

minf(x) + Y psQ(x, ), (1)
subject to *

g&1(x)<0, h(x) =0, (2)
where

Q(x,&s) = miny; {q(y(s), &)} (3)

subject to

gZ(XJ(gs)’gs) < 07 V5€57 (4)

hz(xJ’(gs), 55) S 0:

So, the first-stage strategic decision x about the WTE plant’s ca-
pacity is related to the direct investment cost included in the first-
stage objective function f{x). The constraints applied to the first-stage
decision are in the form of inequality and equality constraints, as it is
common in nonlinear programming, and can be defined by multi-
variate vector functions g; and hi. In our case, they link and bound
decisions about capacity and cost, see Ref. [18] for particular form of
all mentioned constraints. They also reflect technological de-
pendences, i.e. boiler and turbine balance [20]. The weighted average
in the objective function represents the expected cumulative cash
balance. The particular Q(x,£) value for the given first-stage decision
x and scenario s is obtained as the optimal result of future plant
operation simulation/planning on a monthly basis, i.e. by the optimal
second-stage decision that is a wait-and-see decision with respect to
scenario s. The second-stage objective function q helps to search for
the optimal value of y(£). Functions g» and h, are dependent on first-
stage and second-stage decisions and realizations. They specify the
feasible region for the second-stage variables under restrictions given
by the first-stage decision and realization, i.e. our supply of heat is
restricted by capacity related decisions in the first stage. Furthermore,
inequality terms in g describe demand needs and technological re-
strictions, and equalities specify the assessment criteria of project
economic efficiency, e.g. internal rate of return (IRR).

So the subject of the first-stage decision is to design the plant
(annual capacity, turbine capacity etc.) providing a maximum
return on investments. The “here-and-now” approach [27] is used.
The second-stage problem deals with an optimal response to the
realizations of uncertain parameters (i.e. scenarios), with respect to
decisions made in first-stage problem. This approach is called wait-
and-see [27]. Both problems can be combined by the substitution of
the second-stage objective function with the first-stage objective.
The new composed objective function is minimized subject to
constraints for both stages.

VseS. (5)

3. Case study

For the demonstration of the practical usefulness of the model, a
particular locality was selected. A new WTE facility, servicing a
region of 98 000 inhabitants, is being conceptually designed. Its full
operation is planned for 2020. The objective is to find the optimal
values of key parameters of considered technology (the layout and
topology is fixed and is not subject of the optimization itself and
can be studied and optimized to improve the project economy in
the future) and evaluate the project’s feasibility related to its op-
timum design. The optimization addresses the determination of
(denoted as first-stage variables x in Section 2.3):

e waste treatment capacity of WTE plant, Xcap,

e maximum turbine output for electricity-oriented operation,
XELMAX»

o turbine output for heat-oriented operation with full utilization
of turbine extraction, Xgj gxt,

e capacity of condenser for heat rejection after condensing stage,
XCOND-

Additional information about optimum operation expressed by
IRR and heat and electricity production rates yy and yg;, was obtained
at the same time. Price forecasting and local conditions related to the
Czech Republic are addressed. It has to be emphasized that forecasting
should be made with respect to energy policy, local energy sources,
and the expected development of DH in the considered region.
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Therefore, the model introduced in Sections 2.2 and 2.3 has been used
for computations involving a real industrial case. Input data entering
the task and the results obtained are denoted in detail (Appendix 1).

3.1. Capital and operational costs

The WTE plant is a capital-demanding technology. Over de-
cades, it has developed into a complex process securing waste
treatment with a minimized impact on the environment, and
providing renewable and clean energy at the same time [20]. The
cost of technology is influenced by its annual throughput, number
of lines, heat recovery system, and off-gas cleaning system layout,
etc. There is often a trade-off between maximum energy-efficiency
and the lowest negative impact [28]. Several simple cost models
related to WTE have been published, e.g. a model involving annual
capacity [29] or a model involving electrical output [9]. They
commonly reflect the decreasing specific cost with increasing ca-
pacity; however they do not address all the aforementioned as-
pects. A comparison between a simple regression cost model
(smooth curve) and the results of preliminary capital analysis
related to our layout and different capacities is provided in Fig. 3.
The piecewise specified curve in Fig. 3 represents the expected real
situation, where more lines for higher throughputs are considered
(significantly increased capital for the same throughput). Capital
costs 116 x 10® EUR for 100 kt/y capacity (i.e. 12.5 t/h at 8000 hjy
availability) were considered as a base in both cases. For the
applicability in our optimization tool, a simplified approach based
on regression was used (smooth curve in Fig. 3).

Operational costs were determined as a result of a complex
balance calculation (e.g. slag and dust residues to be disposed,
supplementary fuel and chemicals to be purchased), price fore-
casting (for all items), and comparison with real projects experience
(e.g. personal costs, maintenance costs, security, insurance etc.). The
approximate structure of costs is introduced in Appendix 2.

3.2. Gate fee

The gate fee represents another key factor influencing plant
economy and its competitiveness in terms of securing enough waste to
fulfil the plant capacity. The gate fee then depends on the annual ca-
pacity, waste density in the area, landfill taxes, etc. The transportation
costs should be considered as well. An example of dependence on
waste collection and disposal on local policies is described in Ref. [30].
Market modelling and gate-fee prediction thus represent a tricky task.
It concerns the synthesis of regional renewable and secondary energy
supply networks. An application of an interesting approach based on a
P-graph for efficient biomass-based energy production is introduced
in Ref. [31]. The influence of transport on overall utilization of waste-
based energy potential is discussed in Ref. [32].
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Fig. 4. The gate-fee curve used in the model.

The relationship between plant capacity and the expected gate
fee as considered in our case study is depicted in Fig. 4. The curve
was generated with the help of a complex tool addressing the lo-
gistic optimization problem for competition modelling in waste
management. It was developed in-house. The calculation is backed
up by several technical-economic models of elements performing
the task (WTE, MBT plant, landfills). A detailed description is
outside the scope of this paper; however some comments on the
usefulness/necessity of this approach follows. Similar curve, which
reflects the concept of 11 WTE plants as proposed in Ref. [10] and
mentioned in Section 1, is presented in Ref. [19]. In comparison, the
curve in Fig. 4 is significantly shifted towards higher gate fees. This
is a result of calculations where two potential projects were
omitted. This leads to smaller competition in the market and higher
prices for waste treatment. A trend of increasing the gate fee for the
lifetime period of the WTE plant is taken into account as well.

3.3. Heat and electricity export and prices

Heat generation and its export to the consumers represent a key
factor for energy efficient and economically feasible operation [33].
The electricity price development in the next few years was esti-
mated by mapping the current situation in the European Energy
Exchange Market [34]. Green electricity and co-generation sub-
sidies were considered as extra income. The electricity export price
can be considered equal for all the plants due to the existence of the
common market. In contrast, the price of heat purchased from WTE
by a third person (e.g. DH network operator) is locally dependent. It
is influenced by many factors (such as DH network, share of heat
delivered by WTE, fossil fuel availability). The prediction of future
development of heat and electricity prices, which has been used in
this model, is mentioned next. In terms of heat, the heat price is
generally expected to rise significantly within the next few years
(Fig. 5). This is due to limited coal reserves in the Czech Republic
and additional cost associated with emission abatement required to
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Fig. 5. Scenarios for heat prices.



Table 1
Initial heat demand over a year.

Month 1 2 3 4 5 6 7 8 9 10 11 12

Heat demand 322 252 250 123 16 81 79 73 43 153 248 319
Dy [G]]

fulfil strict emission limits set for coal-fired plants [35]. The
increasing price of heat has a positive effect on WTE plant eco-
nomics only until a maximum acceptable price from DH is reached.
Once this is exceeded, the possibility of massive customer-driven
disconnection forms a serious threat for the whole of DH and in-
creases the pressure on lowering the heat price from WTE. This
situation is also covered by one of our scenarios in the risk-analysis
(see Table 2, scenario ScHD 3). More information about the classi-
fication of DH systems, their economic feasibility and conditions
enabling their future extensions can be found in Ref. [33].

It has been assumed that a large DH with a current total heat
demand of 2 TJ/y. The demand varies during the year, as is shown in
Table 1. The possibility of heat supply to the DH system has a crucial
effect on (1) the decisions about initial investments since it in-
fluences the choice of turbine type (backpressure or more often
extraction condensing turbine); (2) profits (lower electricity pro-
duction and higher heat export); and thus affects the optimal
design of the plant and its economy. The results are highly sensitive
to the uncertainty in heat demand, which then leads to unstable
(non-robust) solutions. On this account we decided to use the
scenario-based approach (here-and-now, see Section 2.3) with
respect to random demand. Generally, it provides us with the so-
lution robustness for any considered realization of an unknown
parameter (heat demand). Three scenarios for the heat demand of
the lifetime period of the WTE plant were chosen in the presented
case study. The initial values of a heat demand in every single
month were determined using real operation data (Table 1). Indi-
vidual scenarios are depicted in Table 2.

It was assumed that all scenarios can occur with the same
probabilities. This was tested by repeated calculations in which the
proposed design (optimal capacity) is less sensitive to the energy
prices than to heat demand. Overall, the project economy, repre-
sented here by IRR, depends on the realization of this uncertainty.
Therefore, we have decided to deal with a here-and-now scenario
approach applied to random demand, and wait-and-see sensitivity
analysis with respect to price changes. For this reason, we used the
Monte Carlo method (repeated generation of several scenarios and
optimization problem solving, see below), which suggests partic-
ular optimal values of decision variables for the WTE plant, and
then shows the influence of the changes of these unknown random
parameters (i.e. energy prices) on the IRR value. Such an analysis
extends the methodology and a case study presented in
Refs. [17,19]. So, 500 different scenarios for electricity and heat
prices were generated — see Fig. 5 for a visualization of selected
scenarios. The electricity and heat prices were thought to increase
because of inflation. For the constant rate 5%, the base scenario
curve was obtained by using a traditional financial formula (Fig. 5).
Then, the various rate values constant for each scenario were
generated using a normal probability distribution. Iteratively was
used for the initial set-up of scenarios, as in the case of base curve.
Considering the actual rates, the mean value in the model is set to
5% and the standard deviation is assigned as 1.5%. Utilizing features
of normal probability distribution, this obviously leads to the initial
annual increase varying between 0.5% and 9.5% with a reliability of
over 99%. Due to the focus on IRR calculation, where the real-world
profits and costs, and so their rates change with time, additional

Table 2

Scenarios for trend of heat demand (ScHD).
Scenario ScHD 1 ScHD 2 ScHD 3
Decrease of heat demand per year 0% 1% 5%
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Fig. 6. Optimal capacities for different energy prices scenarios.

uncertainty is brought in the predicted scenarios of future progress
for each year. For all years, small additive normally distributed er-
rors were added to the initial set-up values of scenarios. The mean
value of 0% and standard deviation 3% were chosen. This attempts
to simulate the instable economic development in the energy
market. Examples of several randomly generated scenarios for the
heat price are shown in Fig. 5.

3.4. Results

Calculations involving scenario-based programming, where
three scenarios with the same probability describe a possible
decrease in heat demands, were included in the objective function,
and a wait-and-see approach comprising 500 scenarios for future
heat and electricity price development were performed. Histo-
grams related to first-stage variable x were also generated and
some of the results are discussed below.

The histogram of optimal capacities xcap, Which was the most
anticipated result, is depicted in Fig. 6. It shows that the computed
capacities are not normally distributed. The mode is 142 kt/y. The
median is 144 kt/y and the mean is 147 kt/y. The normal probability
distribution is shown in the red curve in Figs. 6 and 7. Considering
the shape of the histogram, we decided to select the mode as our
optimal value. That gives us about 50% of results near to 144 kt/y.
The results are overall fairly stable for any scenario of energy price
development. The development mainly affects the economy of the
project, represented by the IRR (see below).

The obtained capacity proposals correspond to the sizing of the
turbine, where it is also legitimate to expect the maximum turbine
output Xgr max on the value of mode (9.1 MW). A summary of key
parameters related to the proposed optimum design is provided in
Appendix 1. Where the results were dependent on different scenarios,
the uncertainty was defined by mean/mode and standard deviation.
Detailed information about energy production and plant economy
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over its lifetime is available in Appendix 2. The data addresses only the
baseline scenarios for heat and electricity prices (see Section 3.3).

A histogram of IRR value is provided for the selected capacity of
142 kt/y inFig. 7. The IRR is particularly higher than 6% for about 95% of
simulations. The results show that, the IRR can most likely be ex-
pected in the interval of 8—9%, see Fig. 7. The minimum IRR required
by the investors cannot be generalized. It is assessed by complex
financial models (capital asset pricing model (CAPM) [36]). Private
companies usually demand higher rates than municipalities. In our
case study, the value 10% is considered to be the target. A higher IRR
can be secured in the future by increasing income related to the
treatment of waste (increased gate fee). On the other hand, the
availability of the required amount of waste (142 kt/y) ata price higher
than 76 EUR/t (see Fig. 4) has to be assessed (e.g. the impact of future
regulation in the field). The next possibility for a partial increase of IRR
can be seen in the detailed optimization of the subsystems the plant
consists of, with the aim of getting a trade-off between capital and
operational costs (boiler design and measures preventing corrosion,
turbine efficiency optimization, comparison of flue-gas systems, slug
treatment system with increased material recovery, etc.).

4. Conclusion

This paper deals with the assessment of investment opportunities
to build a new WTE plant in a particular locality. An optimization
model (involving scenario-based programming and wait-and-see
approach in a new way in this application area) was developed for
this purpose. Its practical use was demonstrated through a case

study. Since the WTE facility planning is a long-term process, the
computations in the assessment were repeated for several scenarios
addressing various future prospects of crucial input parameters. The
purchase price of energies (heat, electricity) and the amount of heat
demanded by customers were identified as key parameters. An
optimal capacity of 142 kt/y was proposed following the frequency
diagram obtained from the repeated optimization task under
different scenarios of the aforementioned parameters. This capacity
was then fixed and a proposed design was tested in terms of an ex-
pected return on investments (here expressed by IRR). Involving the
same scenarios, the results were distributed according to normal
probability distribution function with the mean value of 8% and
standard deviation of 1.5%. This specific project, under the assump-
tions made, does not meet the investor’s requirements for project
profitability, which are 10% in terms of IRR. It is necessary to further
analyze the measures able to make the proposal more attractive,
which are especially bound with future legislative regulation in the
field, and a detailed optimization of plant subsystems.
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Appendix 2. Energy production and plant economy over its lifetime for capacity 142 kt/y and for baseline scenarios of heat and

electricity prices development

Year 2019 2020 2021 2022 2023 2024 2025 2026 2027 2028 2029 2030

Year of operation [—] 0 1 2 3 4 5 6 7 8 9 10 11

Capital cost — 142 kt/y, Cc [10° EUR] 154

Profits

Gate fee, Ccr [EUR/t] 76 78 81 83 86 88 91 93 96 99 102

Amount of waste treated [kt] 142 142 142 142 142 142 142 142 142 142 142

Profit for waste treatment [10°> EUR] 10792 11115 11449 11792 12146 12510 12886 13272 13670 14081 14503

Price of heat — baseline, Cry [EUR/GJ] 12 12 13 14 14 15 16 17 18 18 19

Demand Dry 1, scenario ScHD 1 [TJ] 1959 1861 1768 1680 1596 1516 1440 1368 1300 1235 1173

Demand Dy, scenario ScHD 2 [T]] 1959 1939 1920 1901 1882 1863 1844 1826 1808 1790 1772

Demand Dry 3, scenario ScHD 3 [T]] 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959 1959

Weighted heat delivery (all 3 scenarios 778 778 777 775 773 772 770 769 767 766 765
reflected) [T]]

Profit from sales of heat for the baseline 9252 9705 10177 10664 11174 11708 12270 12859 13478 14127 14805
scenario [10° EUR]

Price of electricity — baseline, Cg. 71 75 78 82 86 91 95 100 105 110 116
[EUR/MW h]

Weighted electricity delivery 15594 15634 15691 15778 15867 15953 16036 16115 16191 16264 16345
(all 3 scenarios reflected) [MW h]

Profit from the sale of electricity for 1108 1166 1229 1297 1370 1446 1527 1611 1699 1793 1891
the baseline scenario [10°> EUR]

Other variable (green electricity, 68 70 72 74 76 79 81 83 86 88 91
co-generation, scrap metal, etc.)
[10% EUR/t]

Total profit [10° EUR] 21220 22058 22928 23829 24767 25745 26765 27827 28935 30090 31292

Costs

Maintenance and reinvestments 246 238 1735 944 1027 10 940 5184 3117 1358 4499 1389
[10% EUR]

Residues handling [10% EUR] 2783 2866 2952 3041 3132 3226 3323 3422 3525 3631 3740

Other variable (chemicals, energy, etc.) 2348 2418 2491 2565 2642 2722 2803 2887 2974 3063 3155
[10% EUR]

Wages [10® EUR] 2309 2447 2594 2750 2915 3089 3275 3471 3680 3900 4134

Other fixed (insurance, security, taxes) 485 500 515 530 546 562 579 596 614 633 652
[10% EUR]

Total cost [10% EUR] 8171 8470 10288 9832 10262 20541 15166 13496 12153 15728 13072

Cash ﬂow[lO6 EUR] —154 13 13 12 13 14 5 11 14 16 14 18

Cumulative cash flow [10° EUR] -154 140 -127 -114 -100 —-86 -81 —69 -55 -38 -23 -5

IRR [%] -91.5% —-65.7% —464% -319% -22.0% -191% -13.7% -9.0% -5.3% -2.9% —0.6%

Payback period [y] 13
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Appendix 1. Technology parameters addressing the proposed
optimum design
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1. Introduction

Social development results in a higher use of primary resources.
This is associated with the consumption of goods and higher waste
production [1]. For environmental and economic reasons, the
pressure is currently being put on the reuse of goods and recycling
of waste. This causes the gradual transformation of the linear waste
management (i.e., the feedstock creates the product, which then
creates the waste) to the so-called circular economy [2]. This is a
comprehensive system that optimises consumption and manage-
ment not only of natural resources, but also of wastes whose world
production is still growing [7]. Its detailed description, approaches,
and aims were identified and implemented by the EU in Circular
Economy Package (Directive (EU) 2018/849 [3], 2018/850 [4], 2018/
851 [5] and 2018/852 [6]). The present paper aims to uncover the
hidden potential of bulky waste as a secondary material or energy
source.

The role of thermal treatment with energy utilisation is often
suppressed in the circular economy scheme due to the belief that
the already minimised residual streams are not suitable for

* Corresponding author.
E-mail address: Radovan.Somplak@vutbr.cz (R. Somplak).

https://doi.org/10.1016/j.energy.2019.05.175
0360-5442/© 2019 Elsevier Ltd. All rights reserved.

material recovery. However, not all wastes can be recycled and in
the future, other ways of waste handling (such as energy recovery
[8]) have to be considered. Expected reduced amounts of waste
suitable for incineration increase the pressure on proper Waste-to-
Energy (WtE) planning. Since the availability of waste presents a
serious risk to the future WtE operation (see Ref. [9] for details), all
suitable input streams to WtE including their spatial distribution
should be properly investigated using the latest data as well as the
forecasted values. Only then a sustainable system can be designed
and successfully operated.

Bulky waste represents one of the streams which could pri-
marily be affected by the circular thinking, where products might
be designed to facilitate their end-of-life recycling. A proper
assessment of the current methods of bulky waste treatment and
the share of such treatment are needed. The respective waste
treatment options are therefore reviewed in Section 1.1, and the
potential for improvement in bulky waste reuse is specified. The
current approaches to facilities planning, based on the data with
spatial distribution, are then mentioned in Section 1.2.

1.1. Bulky waste as an energy source

A waste type-related analysis estimating the corresponding
environmental impacts is available in Ref. [10]. According to the
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Abbreviations

C Corrected data

E1, E2 Amount of waste exported
EU European Union

11,12 Amount of waste imported
K Known data

LHV Lower heating value
MMW Mixed municipal waste

MSW Municipal solid waste

p Production

t Treatment

U Unknown data

WLE Waste-to-Energy

X1,X2 Realistic value of transported waste

waste specific properties, a suitable disposal grid is to be designed.
According to Ref. [11], economic and environmental assessments of
the involved facilities must be performed to identify the opportu-
nities in terms of process integration. For example, municipal solid
waste (MSW) incineration was assessed from environmental point
of view and its global impact was also investigated [12]. Never-
theless, the supply chain review [13] or future possible pinch
analysis applications [14] suggest that the ongoing dynamic
changes in waste management make the sophisticated models
indispensable. The current research direction comes in line with
optimisation applied in the public sector, consumer goods, waste
management, chemical processes, and biomass to energy. Most of
the recent papers on waste treatment options deal with the MSW as
a whole [15] or with mixed municipal waste (MMW) and its ma-
terial or energy recovery [16], while these two terms are often
confused. Nonetheless, other waste streams must be identified and
studied in terms of their potential utilisation to fulfil the targets in
waste management.

The shift from landfilling to WtE, together with its sustainability,
are studied mainly in terms of MSW [17] or industrial wastes. As
shown in Fig. 1, however, bulky waste has a huge potential when it
comes to the its treatment. This applies not only to the Czech

Bulky waste

a) The share of fractions on MSW

landfilling

Republic, but also to many other countries [18]. What is more, the
potential of bulky waste, which contains a significant percentage of
high calorific value components, will increase with newly eco-
designed products [19].

The term “bulky waste” refers to large and usually heavy items
such as furniture or electrical appliances. According to the
Controlled Waste Regulation 1992 (Schedule 2), the definition of
bulky waste is as follows: “(1) any article of waste which exceeds
25 kg in weight or (2) any article of waste which does not fit or
cannot be fitted into a cylindrical container of 750 mm in diameter
and 1 m in length” [20]. Because of the dimensions, collection of
bulky waste as part of the automated waste collection system is
problematic. Still, according to Czech Statistical Office [21], bulky
waste represents roughly 9% of MSW, that is, a non-negligible
portion. Information on the two bulky waste disposal options
available in the United Kingdom and on the issues related to the
disposal of bulky items can be found in Ref. [22], while in case of
Austria this is available in Ref. [23]. Estimation of the amount of
bulky waste collected in Hong Kong, the way it was treated, and the
corresponding environmental impact were analysed in Ref. [18].
This paper suggested that there was a considerable difference be-
tween the official and the real bulky waste flow (nearly 320% more)
because of incomplete records.

According to Ref. [24], wood and rattan wastes have a large re-
covery potential, but due to a small amount of waste in official
statistics, they are not used. Even though a lot of bulky waste is
suitable for reuse, only a small portion of it can actually be reused. A
considerable potential for reuse of bulky waste is mentioned by
Reeve [25]. Similarly, only 27.5% of furniture and white goods is
unsuitable for repair or reuse [26] with the respective percentages
being as follows:

o furniture, reusable in its current condition 20%
o furniture, potentially repairable 25%

e white goods, potentially repairable 7.5%

e white goods & other metals, recyclable 20%

e unrecoverable items not suitable for repair or reuse 27.5%
Increased reuse of bulky waste would have a positive impact on
the environment and it would also bring social benefits. In view of
the waste hierarchy, the second most appropriate waste treatment

Others
1%

Material
recovery

0y
17% Energy recovery

4%

b) Bulky waste treatment

Fig. 1. Landfilling and bulky waste treatment in the Czech Republic in 2015.
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method after material recovery is energy recovery. A recent study
[27] therefore focused on the preparation of solid recovered fuels
and mentioned also the average values obtained during elemental
analysis of bulky waste. This study also listed the higher heating
values and lower heating values (LHV) of fractions of this type of
waste, which were expressed on the dry and wet bases. Apparently,
plastic fractions have the highest heating values (LHV of roughly
40 M] wet kg™ 1), followed by foams (ca 25 M] wet kg~1), textiles (ca
20 MJ wet kg~ 1), and wood (ca 16 MJ wet kg~ '). This shows the
potential of bulky waste for energy generation.

1.2. Planning in waste management

For adequate planning of waste management systems, param-
eters of the waste streams should be identified as accurately as
possible. The forecast of spatial distributions of waste production
and composition is a crucial step, because various factors may in-
fluence their development. For the estimation of the number of
MSW fractions, population size and age, expected lifespan in the
cities, and the total amount of MSW were considered by Ghinea
et al. [28]. Several tools for the analysis and forecasting of time
series were proposed for the study of MSW generation [29]. Haz-
ardous waste forecasting and the corresponding mathematical
model were developed to address the prediction problem with
spatially distributed and uncertain data [30]. This model was based
on regression analysis and data reconciliation.

Recent research focused on future planning and process inte-
gration or optimisation; however, the existing material flows, waste
treatment options, and waste production with regard to the accu-
racy and credibility of input parameters were not justified or
examined. The evaluation of a specific region requires up-to-date
information on the transportation and treatment. Nevertheless,
due to data aggregation, it is difficult to obtain high-quality inputs
even though the legislations of countries with well-developed
waste management systems force waste producers to submit
their waste production and processing data.

In general, the records are kept in a large database, which is
available in whole or in part to the public. The challenge here is to
process the data in such a way that additional information is ob-
tained for the design and optimisation of the waste management
system. For efficient waste management planning, the information
on the composition and waste treatment are not sufficient. It is
necessary to add the data on waste flows, i.e., from where to where
the wastes are transported. For example [31], identified the flows of
construction and demolition wastes in China.

For many reasons, public databases on waste management
contain inaccuracies and inconsistencies. These can be significant,
while in many cases large amounts of data are completely missing.
The following errors can typically be encountered:

e inconsistent registration methodology at the regional level;

e systematic errors in data recording and formatting;

e loss of information within the waste flow between waste
management entities;

e duplicate data;

e missing data (errors caused by data aggregation).

These errors necessitate the identification of the actual material
flows, while the lack of information on waste flows between indi-
vidual entities involved in waste management represents a crucial
problem. A material flow analysis was conducted e.g. for mined
landfills and the respective energy consumption was calculated
with the emphasis on logistics [32]. Another study analysed the
flow of municipal waste for the Maltese Islands [33]. Carbon foot-
print was then assessed for both the current and the future

situation through the estimation of waste flow. Material flow
analysis was also used in multi-criteria decision-making [34] for
the case when it was not possible to determine how waste from a
specific producer was treated. The problem of unknown flows may
be caused by e.g. different reporting methodologies. This greatly
complicates future planning of waste management, as well as
reporting and possible support from legislation applying to smaller
regions. The processing chain of waste from wind turbines was
identified through material flow analysis in Ref. [35] and the
treatable percentage was given.

The mentioned studies deal mostly with aggregated flows due
and material flows are evetually resolved within a certain process.
Flow problems are addressed, but these are not concerned with
information on specific streams between the producers and treat-
ment facilities. However, none of the studies discusses in a complex
manner the material flows in terms of their geographical distri-
bution, available transport routes, and the links between the waste
producers and the processing facilities.

1.3. Novel approach

The majority of published papers focus on predicting the future
situation, while the current state of waste management — espe-
cially in case of bulky waste — is not properly analysed in any of
them. There are no error identification techniques available. Sys-
tematic error balancing was therefore studied with regard to in-
dividual databases in Ref. [36]. The mentioned approach, combined
with the economic aspect and presented as a network flow prob-
lem, was discussed in Ref. [37]. This problem is illustrated in the
following example, which relates to the practice of reporting waste
data (such reporting systems can be found in many countries and
for various commodities).

Because waste is not always treated locally, mainly due to its
production rate and available treatment capacities, it may be
necessary to transport it between nodes (see Fig. 2). In Fig. 2a, the
input data (production rates, treatment capacities) are shown and
their mass balance has to be facilitated via transport. Fig. 2b and c
show just two solutions out of the infinitely many feasible ones.

The set of feasible solutions may be further reduced by the
application of additional constraints. For example, a minimum
transport distance may be considered (see Section 2.2) or addi-
tional information on the flows along the edges and treatment
options in the nodes may be available (see Section 2.1). This enables
the identification of the existing network flows between producers
and treatment facilities.

The presented approach concerns the analysis of waste flows
and thus obtaining more data for other applications and future
planning (establishing of new or extending of existing energy re-
covery facilities). The case study presented in Section 3 focuses on
waste flows and treatment data reconciliation for identification of
bulky waste potential for energy recovery. Czech Republic was
selected as the region of interest to demonstrate the practical im-
pacts of the presented methods. The flows from the producers to
the processing nodes were modelled to discover the following:

e where the waste from a particular producer was processed;

o how the waste was treated in the target node and whether this
was done in accordance with the waste treatment hierarchy
(material recovery, energy utilisation, disposal).

Knowledge of these facts is key to identifying the potential of
waste, analyzing the current state of treatment, and suggesting
future plans (see Section 3).

The model introduced in this paper the network flow model
principle where the material balance in nodes is guaranteed. It
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a) Input data of production and b) First possible solution

treatment

¢) Second possible
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Fig. 2. The available sources and sinks with two possible solutions; p denotes production rate and t treatment capacity.

combines the identification of errors in the reported data (stored in
a publicly accessible database) with minimisation of the total
transported distance. The paper extends the ideas in Ref. [36],
which focuses on the error identification, and [37], where un-
certainties were considered in the waste network flows. The
combination of both these approaches makes it possible to reveal
the previously mentioned key information.

2. Methods
2.1. Mathematical model identifying errors

Credibility of input data plays the key role in network flow
models. The data must also be balanced and verified to obtain
credible results. Several approaches to data reconciliation are used
in the industry [38]. Papers were published on data reconciliation
used together with the fuzzy set theory and the underlying physics
phenomena to form the constraints [39]. Another proposed appli-
cation was nonlinear data reconciliation for material flows using
the weighted least squares approach [40]. However, in most cases
this concerned the identification of measurement errors or isolated
systematic errors. For example, in Ref. [36] the effect of a large
number of systematic errors in the data, which significantly
restricted the applicability of common data reconciliation methods,
was investigated. Other solutions are therefore needed to assess the
current state and how waste management targets are being met.

The paper presents a mathematical model for elimination of
errors in a large database of waste production and waste treatment
data. This database is an essential source of information in waste
management for subsequent analyses and planning. The data are
collected from the entities (both producers and operators of
treatment facilities) which, by law, are subject to annual reporting.
However, the data are reported at different levels of detail starting
with the whole country and continuing with regions and munici-
palities. They also come from different sources and thus the error
rate increases.

Locations where waste is produced or processed represent
nodes and the transport routes between them edges. The available
data consist of production rates (p) and processing capacities (t) in
the nodes, and flows through the edges. The producer and pro-
cessing facilities for individual portions of the waste, however, are
unknown due to the effects described in Ref. [41]. Errors may be
present in the database in both the edge and the node data (causing
the total production and processed amount being different).

The data in the utilised database are more suitable for the dis-
cussed purpose because the edge flows are recorded by two entities
(the first entity hands the waste over to the second one, which

receives it). This makes it easier to detect errors. The waste is
transported from the source through the transfer node to the target
facility. The exported amount E1 should be equal to the imported
amount I1, and the same applies to E2 and 12. In practice, though,
this often is not the case. Fig. 3 shows the case where E1, I1 and E2,
12 do not correspond.

The actual values x; and x; (further in the model denoted as x; ,,
where o is the producer and j the edge) in Fig. 3 are unknown due to
the presence of errors. Such errors, be them random or systematic
(which originate from reporting a value multiple times by different
entities), limit the planning of future infrastructure.

The problem of how to handle the errors in the database is
considered in this study as a waste flow data reconciliation task.
Emphasis is placed on the node mass balances and the requirement
on the minimum change from the input data. The total amount of
waste that is imported into a node (I in Fig. 3) and produced there (p
in Fig. 2) is equal to the amount of waste that is processed there (t in
Fig. 2) or exported from this node (E in Fig. 3). Data quality is
assessed and considered in a weighted procedure (see the terms in
the objective function Eq (1)). If the amount of waste E1 is close to
I1, then the weight is higher and there is no reason to assume that
the values are incorrect. In any case, the issue described in this
paper requires an additional viewpoint to preserve relations from
the real operations.

2.2. Mathematical model using distances

The waste management chain consists of waste transfer,
possible change in its properties, and final processing. Transport
cost can be approximated using the respective distance due to its
being proportional to fuel consumption. Environmental protection,
especially nowadays when industrial production is increasing, is
also a relevant factor. The relationship between transport distance,
waste separation, and the corresponding economic perspective was
addressed in Ref. [42]. A similar idea was transformed into a larger
and more general scheme in Ref. [37].

An approach to determine the reverse logistics flow was pro-
posed in Ref. [37]. The model objective was to optimise the flow of

El 11 E2 12
® @ @
X2

source transfer node target facility

Fig. 3. Schematic chain of flows in the database.
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non-utilisable products from producers to facilities. This could
include uncertainties due to incomplete or unknown data, and
decisions were made on the basis of distance. This criterion had
economic background, where closer treatment facilities were
preferred due to the lesser cost incurred. Also, scenario-based
modelling was employed to allow for more distant facilities to
simulate competition and more environmentally friendly options.

2.3. Complex approach

The previous sections deal with two mathematical models — the
balance model (Section 2.1) and the model using distances to
determine the actual waste flows (Section 2.2). The aim of the
present paper is combine both models into a single, complex one.
This approach provides a more realistic distribution of recon-
structed waste flows because financial-based decisions of the
producers are taken into consideration. The presented optimisation
model maintains the balance in the nodes and detects the errors in
the database with the aggregate waste production and treatment
data. At the same time, the waste transport distance is minimised.
The hierarchy of possible treatment options is considered according
to the legislation, that is, the Directive 2008/98/EC on waste [43].

The proposed model (see Appendix A) evaluates and estimates
the current state of waste handling and, due to the network
structure, it is possible to find the corresponding waste flows. The
resulting data must preserve the continuity of flow in the network.
Fig. 4 shows a block schematic of the method.

This makes it possible to identify the processing methods for
each producer and waste type. Corrective tools can then be pro-
posed and micro-regions which fail to meet the global character of
waste management, can be effectively motivated. The proposed
approach verifies the historical data and the way they were
handled to meet the generally valid balances. This is motivated by
the following applications:

analysis of the current state;

necessary data for prognoses;

identification of targets of the European Union;

identification of wastes suitable for energy recovery (see Section
3 further).

To illustrate how balances are carried out for the nodes, and for
simplicity's sake, only two treatment types (energy recovery and
disposal) will be considered here. The vertical axis, i.e., the amount
of waste produced and treated, is arbitrarily scaled and does not
correspond to a real node. The graph (Fig. 5) is also separated into

two parts: production and treatment. The overall production (p)
can be processed via energy recovery or disposal (marked by
different colours), and in the node where it was produced or in a
different node to which it was exported (marked by different
hatching styles). The combination of colour and hatching style then
symbolises the selected treatment in the respective node and
export from the node, respectively. Because the treatment capacity
of the node is lower than waste production therein, a portion of the
waste had to be exported. This is indicated by the differences in
column heights. Also, columns are marked using K, U, or C ac-
cording to the available data. Known data (K) were fixed, unknown
data (U) were unavailable in the input database and therefore they
were calculated by the model. Corrected data (C; namely the pro-
duction in the node p; and the transported amount xjf—') were taken

from the database, but they contained errors and had to be cor-
rected. These were rectified while the relationships between all the
node-related values had to be maintained.

To summarise, the goals were:

o Evaluate the methods by which the waste produced in the node
was treated (column 3).

e Determine where the waste was treated, i.e., whether this was
done directly in the production node or a certain portion was
exported (column 5).

o In the case of import, find how the imported waste was treated
(column 9).

3. Case study
3.1. Introductory information and input data

The approach discussed in Section 2 (i.e., the model described in
Appendix A) has been applied to the regional-level(14 regions, see
Fig. 6) bulky waste data from 2015 available for the Czech Republic.

The goal was to identify the regional distribution of production,
treatment, and transport of bulky waste. Since several treatment
methods were analysed, the obtained results were also used to
define, on the regional basis, the potential of bulky waste for energy
recovery. The amounts of waste which are currently landfilled were
taken into account together with the amounts currently treated in
WHE plants.

The input data came from the national database on waste
management (waste management information system) [44], which
has been operated by the Ministry of the Environment of the Czech
Republic. The network describing the regional administrative di-
vision consisted of 14 nodes and, apart from production (p), the
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Fig. 4. Database repair — block schematic of flow identification.
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Fig. 6. 14 regions of the Czech Republic.

following treatment methods were considered:

e material recovery,
e energy recovery,

e national export abroad,
e pre-treatment,

e disposal,

o other way of processing.

Bulky waste represents a relatively large portion of MSW and its
regional production p and treated amounts t are shown in Fig. 7. It
can be seen that transports between regions are necessary.
Considering geographical locations of the City of Prague (Region 5)
and Central Bohemia (Region 6) and their productions and pro-
cessing capacities, a significant transfer of waste between these two
nodes can be expected.

It is beneficial to track the transfer of bulky waste between
nodes. Compared to the example from Fig. 5, more treatment op-
tions make this task much more complicated. One should distin-
guish between:

e treated amounts by specific method ! in region i (t;;),
o treated amounts in region i from the producer o by method I
0
(o0
The flow in the network was reconstructed using the algorithm
described in Appendix A. The lowest possible change from the
original data was required. In addition, emphasis was placed on
mass balances in the nodes (inherent due to the way the model was
constructed). The value of parameter § was set to 0.5, which cor-
responded to no preferences in the weighted objective function.

3.2. Production and treatment balances

The results provide valuable information on the current
handling of bulky waste, but they can be applied to other com-
modities of waste as well. The transport of waste from a producer
through intermediate nodes to the respective processor can be
tracked. The obtained data can serve as a basic dataset for future
waste management planning. Fig. 8 shows the results with the
amounts of treated bulky waste being split by treatment method
for all considered regions.

The obtained data also include waste transfers among the re-
gions. For example, in the City of Prague only a portion of the
produced waste (ca. 19.8 kt) was treated, and around 48.5 kt were
exported to the Central Bohemian Region. As a consequence, the
rest of the treated waste was imported, even though the production
in this region is higher than the treatment capacity (see the sup-
plementary material). Ca. 0.7 kt were imported from the Karlovy
Vary Region, ca. 0.2 kt from the Hradec Kralové Region, ca. 0.6 kt
from the Plzen Region, and ca. 16.4 kt from the Central Bohemian
Region. It is worth mentioning here, however, that a WtE plant is
operated in the City of Prague (i.e., some waste from Central
Bohemia was imported to the City of Prague due to a preferable
treatment option, which is not available in the region of origin).
Such transfers seem to conflict with the mathematical model using
distances, but are the consequence of the distance between the City
of Prague and Central Bohemian Region being artificially set to zero
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Fig. 8. Results for treatment of bulky waste produced in the specific regions.

because of their geographical arrangement.

Fig. 9 shows the waste treatment methods used in the regions of
the Czech Republic. The most common method is disposal (land-
filling or incineration without energy recovery; shown in grey). It
represents more than 70% in almost all the regions, while ca. 360 kt
in total were disposed of using this method in the Czech Republic in
2015.

The second most common treatment method is material re-
covery (80 kt in total). There were only 3 regions where WtE plants
were operated in 2015 (the City of Prague, South Moravia, and
Liberec regions). Most of the waste that was used for energy re-
covery (20 kt) was therefore produced in these regions.

3.3. Transport

The locations where the waste was transported to, were also
obtained using the model. To provide comprehensive results, the

Pardubice Region was selected for detailed investigation. Fig. 7
shows that the production of bulky waste in the Pardubice Region
was lower than the treated amount with the difference being
approx. 8 kt. The map in Fig. 10 shows the three regions (except for
the Pardubice Region itself) where waste was produced and sub-
sequently transported to the Pardubice Region for final treatment.
Specifically, these were the Hradec Kralové Region, the Vysocina
Region, and the South Moravia Region, which are all adjacent or
close to the Pardubice Region. The transport distances were
therefore relatively short.

Although not all these regions are the exporting ones (see Fig. 9),
transport between them was revealed, which was not apparent
from a simple production—treatment balance, ((p + 7)—t). Even
the region where the production is lower than the processed
amount, ((p + 7)<t), can export waste. This feature is captured by
the presented approach.

Most of the waste (18.8 kt, i.e., 71.9%) which was treated in the
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Fig. 10. Pardubice Region — sinks for produced waste.

Pardubice Region (coloured orange in the map) originated in the
same region. This corresponded to the assumption that waste
should be transported the shortest distance possible. The actual
transported amounts of waste to the Pardubice Region were 2.8 kt
from the Hradec Kralové Region, 2.5kt from the South Moravia
Region, and 1.4kt from the Vysocina Region. Other regions
accounted for negligible amounts of waste (0.002—0.4 kt, 0.7 kt in
total) imported to the Pardubice Region.

Fig. 11b shows the treatment methods for waste produced in
other regions, but treated in the Pardubice Region. The following
methods were used there: material recovery (9.9kt in total),
disposal (16.3 kt in total), and other (0.08 kt in total), see Fig. 11a.
The waste produced in the Pardubice Region was either disposed of
in this region (13.4 kt) or materially recovered (5.4 kt). The waste
imported to the Pardubice Region was mostly recovered to produce
secondary raw materials (4.5 kt), while almost all the rest was
disposed of (2.8 kt). Only a very small amount of waste (0.1 kt) was
processed in a different way.

Eastern Bohemia, that is, the Pardubice and Hradec Kralové re-
gions, is an area where a future WtE plant is considered. For
example, a plant in Pardubice was discussed a few years ago in
Ref. [45]. The total heat demand, which is important for efficient
operation of such a plant, is about 3500 T]/year [46]. One of the
largest power plants of the Czech Republic is operated in Opatovice

nad Labem; only 10km from Hradec Kralové (ca. 93,000. in-
habitants) and 15 km from Pardubice (ca. 90,000 inhabitants). The
heat produced in the WtE plant could be transported to both cities
and the surrounding area via the existing district heating network.
This could mean even better utilisation of waste because a portion
of the disposed waste could be used to generate energy (waste from
the Pardubice Region and the Hradec Krdlové Region is mainly
disposed of as shown in Fig. 11).

The waste transferred to the Pardubice Region is reported to be
used in accordance with waste hierarchy (materially recovered). It
is not desirable to transport a large amount of waste to treat it by a
less preferred method (pre-treatment, disposal, other). However,
the mathematical model must respect the input data and thus it
sometimes suggests to transport waste to farther treatment facil-
ities. In any case, the results are quite similar for all regions and
meet all the objectives (economic and environmental). Transport of
waste to different regions is realised mainly for material and energy
recovery. In some cases, waste is transported to be treated using
other methods. It can be assumed that the model is well designed,
but to validate it, data at a higher level of detail (i.e., from individual
micro-regions or even individual producers/treatment facilities)
would be needed.

The largest amount of waste transported to the Pardubice Re-
gion came from the Hradec Krdlové Region, which leads to the
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Fig. 11. The Pardubice Region — transport and processing of waste.

analysis of the waste produced there. Fig. 12 shows that a large
amount of the waste produced in the Hradec Kralové Region was
not transported anywhere, but processed directly in the region.
Focusing on the exported waste only, most of it was transferred to
the Pardubice Region. The remainder was sent to the Liberec Re-
gion, and a small amount to the City of Prague.

Fig. 13 shows how the waste produced in the Hradec Kralové
Region was processed in the target regions. All the waste trans-
ported to the City of Prague was processed by “other” methods. The
waste which was sent to the Liberec Region was entirely pre-
treated. It is likely that, in the end, it was used for energy recov-
ery because there is a WtE plant in Liberec. Otherwise, the waste
was disposed of.

With reference to Figs. 12 and 13, it is obvious that bulky waste
produced in the Hradec Kralové Region was not used in line with
the waste management hierarchy. Only 0.2 kt were used for pro-
duction of secondary raw materials, 1.0 kt was pre-treated (one can
assume that it was used for energy recovery), 0.3 kt were processed
in other way, and 14.5 kt were disposed of. This means that nearly
91% of the waste was disposed of.

17.5% 1.4%

6.0%_
m (5) City of Prague

M (8) Hradec Krélové
W (4) Liberec
B (9) Pardubice

a) The percentage amount

3.4. Bulky waste potential for energy recovery

The results discussed in the previous sections were used to
identify the potential of bulky waste for energy recovery. These are
summarised in Table 1, which compares the situation from 2015
with the future potential in terms of both the amount of waste and
energy content.

Average value of LHV for bulky waste (approx. 20 GJ/t) was taken
from Ref. [27]. Considering the total capacity of 650 kt/y of all the
WHE plants operating in the Czech Republic, the overall potential
for energy recovery from bulky waste was 2,494,710 GJ in 2015. The
produced heat would then depend on the actual production effi-
ciency. An analysis of utilisation of such heat in the district heating
system and by the industry was done by Putna et al. [47] for the
purposes of modelling of heat demand. Compared to the modelling
of individual regions, this identified a large energy potential, which
meant that there were suitable conditions for building new facil-
ities or increasing the capacities of the existing ones.

4. Conclusions
A complex approach to waste data reconciliation through error

elimination and network flow analysis is presented. It takes into
account two aspects: detection of errors in input data obtained

of waste b) Regions taking over waste from Hradec

transported from the Hradec Krdlové Region Krdlové Region

Fig. 12. Transport of waste from the Hradec Krdlové Region.
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Fig. 13. The percentage amounts of the waste produced in the Hradec Krilové Region according to methods of treatment in various regions.

Table 1
Results of potential increase in energy recovery from bulky waste.

Region Energy recovery in 2015 [t] Additional Potential in 2015 [t] Unrealised potential in 2015 [G]]
City of Prague 4221 52,321 962,000
South Bohemia Region 0 14,285 285,700
South Moravia Region 10,861 60,818 999,140
Karlovy Vary Region 0 13,668 273,360
Vysocina Region 0 17,266 345,320
Hradec Kralové Region 0 14,547 290,940
Liberec Region 1722 10,342 172,400
Moravia-Silesia Region 1172 42,380 824,160
Olomouc Region 0 17,929 358,580
Pardubice Region 0 13,425 268,500
Plzen Region 1135 23,556 448,420
Central Bohemia Region 91 41,821 834,600
Usti nad Labem Region 365 31,246 617,620
Zlin Region 7 25,472 509,300
Total 19,574 379,076 7,190,040
from the waste reporting database and transport distance, which Acknowledgements

keeps the results economically feasible. The weights used in the
multi-objective function are set according to data credibility, while
the segregated nature of the model makes it possible to identify the
potential of waste for energy recovery. The presented model
therefore takes an incomplete dataset, which also is inconsistent,
contains errors, and for which waste treatment methods are not
known, and transforms it into a complete dataset with known in-
formation on waste flow between producers and treatment facil-
ities, treatment method used, etc.

The model was tested on the Czech Republic waste database
data from 2015. Bulky waste management was considered at the
regional level and the energy potential was calculated and
compared to the current situation. It was found that only 19.6 kt of
bulky waste was used for energy recovery in contrast to the
remaining 379.1 kt processed otherwise, i.e., the unrealised po-
tential was 7190 T]. A completely new perspective on the current
state of waste management was created, and valuable information
for the next waste management planning was provided. Future
research should be focused on testing of the model using data
corresponding to a lower territorial level (micro-regions). Still, this
would bring multiple challenges [48]. Another research direction
could be the improvement in the way uncertainties are handled.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.energy.2019.05.175.

Appendix B. Mathematical model

The model is built in a form of a multi-objective optimisation
problem and, in its present state, is tailored to the specifics of the
waste management data reporting system of the Czech Republic.
Mandatory reporting applies to all entities handling waste and
transported waste is recorded twice — by the sender (scenario (—))
and by the receiver (scenario (+)). Both these record types provide
significant information to the model because there are no details
about the quality of individual data. The model also minimises
transport distances to simulate the economic behaviour of the
producers.
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Sets

i,oe I Nodes leL Waste treatment options
je ] Edges jej) Edges of cycle for node i
Parameters

xjfﬁ Amount of waste transferred on edgej according to the scenario + or 8

— (carry to/take away)
A,i] Incidence matrix for the scenario + or —

Di Waste production in the node i

tig Waste treatment type [ in the node i
w; The weight of the edge j, w;e(0; 1)
d; Length of the edge j
Variables
21,25, Objective functions

z3
Ti Error in the production in the node i

Yi Penalization

eji Error on the edge j according to the scenario + or -

M
61’.0

.
P
a

w

The weight of the objective function

Upper bound-related big constant

. s 1ifi=o0
Binary indicator 0ifi+o
Optimal objective function values

The threshold for the zero penalization

Weight of penalization

Positive variables

The positive or negative part of the error g or e

Treatment of the waste in the node i from the producer o type I; divided into
direct and cycled treated amount

Amount of shipped waste from the producer o on the edge j; divided into cycled
and direct outflows
The positive or negative part of the penalization y;

The proposed model consists of three objective functions Eq (1)
— Eq (3). The used equations, as well as the nomenclature, are

summarised below.
zZ1 = Z (ej** e+ ejﬁ + ef*)Wj + Wz:(y;r +y7)

i€l iel
=Y > dxji+ WY (v +vi)

jeliel iel

Z 1-0)z
z3= 2 =+ ¢

zZ Z
S.t.

Z AiXjo + 0io(pi+ 1) Vi0€l

JjeNG)

tii=> to,, Viel VIeL

oel

Do +To = Zzt?&l Voel

iellel

ZA;,LI'XJ‘@ + 5,‘70(}7,' + Ti) = ZAIT.]'XJ'A,O + th-?o,l Vi, ol

j<] jel lel
X ke =D > Ao Vi€l
iceloel
_ - ot + .
X+ =X +¢ vje]

Xj +te =0 Vjeg]

pi+7 >0 Viel

& :ej7+ — ¢ vje]
g =T - Vje]

(1)

(2)

3)

(4)

(5)

(6)

(7)

(8)

(9)
(10)

(11)

(12)

(13)

yi=1;—ap; Viel (14)
yi=yi —y; Viel, (15)
XL N "k — 0 = 3" Ajxi, Vioel (16)
jel JjeN®
tgoyl:t%cyc + tgc’,dir Vi,oel (17)

leL

The computation is done in two phases. Optimisation problems
involving just the objective function Eq (1) or Eq (2) and constraints
Eq (4) — Eq (17) are solved first. The obtained optima are normal-
ised using z] and z;. The entire problem including all three objec-
tive functions is solved afterwards.

Objective function Eq (1) minimises the weighted total error in
the database to ensure the balance in each node. The first sum-
mation deals with errors on the edges for scenarios (+) and (—), the
weight w; determines data quality based on both scenarios (see Eq
(18)). If the sending and receiving nodes recorded a similar value
(scenarios (+) and (—) are similar), then it can be assumed that the
data are correct. In such a case the weight wj; is higher.

— ot —
M, Xj X =0
wi={ X +x Vje 18
J J T otherwise i<l (18)
Z‘XJT —xj+

The second summation in the objective function Eq (1) takes
into account penalization in the nodes.

The second objective function Eq (2) minimises the total
transport distance, which simulates economic behaviour of the
producers. Eq (3) combines the two different factors, which are
minimised in the Eq (1) and Eq (2) and normalised by z] and z,
from the initial separate computations. The priorities of z; (Eq (1))
and z, (Eq (2)) in z3 (Eq (3)) are given by the parameter (.

The first constraint Eq (4) ensures the validity of the balance in
each node for edges of cycle for node i. Eq (5) defines the total
amount of the treated waste in the node i as a sum of the treated
amounts from all producers. Eq (6) says that all waste produced by
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producer o is treated somewhere by one or more methods . The
data on production p; and treatment ;; are known in the node i. The

total production (> p;) and treatment (> t;;) are not equal due

iel iel lel
to export/import issues or errors. If an error is present, it is expected
only on the production side due to the way the data are recorded,
and so the production p; is corrected by error 7; when applicable.
This production adjustment is included in the objective function in
the form of the penalty function Eq (14). Also, equality between
corrected production (p; +7;) and overall treatment in the specific
node i (3 t;;)is not ensured because of export and import of waste.
leL

This means that the waste transported from a different node can be
treated in the node i by a method L. Eq (7) keeps the flow balance for
each producer o. The sum of waste shipped to the node i and pro-
duced there (ifi = 0) equals to the sum of waste shipped away and
processed in the node i. This is achieved through the identification
of errors in production data 7;and transport data eji. In the Eq (8),

the flow reported in the database is connected with the edge flows
(total amounts of the waste match — exported and imported). The
equality of both scenarios (+) and (—) is assured by Eq (9), thus the
amount of waste that was transported along the edge j is taken over
in the appropriate node. Eq (10) and Eq (11) are the constraints for
non-negative waste flows on each edge j and waste productions in
each node i. Splitting of errors into their positive and negative parts
is reflected in Eq (12) and Eq (13). The penalty y; is calculated ac-
cording to Eq (14) and splitting of the penalty into its positive and
negative parts is in Eq (15). EqQ16 and 17 distribute the flows of a
producer into the outflows and treated amounts in the respective
node while considering cycle edges.

Selection of the threshold for zero penalty a was described in
Ref. [36]. Penalization y; is a part of the objective function Eq (1)
because the recorded data can contain errors on case of both the
edges jand nodes i. The production and processing of waste is
recorded in the nodes. Errors are more likely to be expected on the
producers’ side who are subject to the annual reporting obligation.
Data inconsistency can be solved by integrating the penalty into
optimisation problems, specifically into all the objective functions.
The idea behind the penalty function is shown in Figure A1l.

A

W — high data quality

W —low data quality

Penalization

a Error
Fig. Al. Penalty function.

The actual threshold for zero penalty a in Eq (14) was set ac-
cording to Eq (19), which corresponds to the ratio of an average
change of production and the average production to maintain the
processing—treatment balance. The parameter a actually de-
termines the error ratio for each producer (assuming that each
producer contributes to the overall error equally).

. Siel(Xietii — p)
Zielpi
The calculation of the penalization weight W is done as shown

in Eq (20). Essentially, it is the average of edge weights for which
the deviation of input parameters is non-negligible.

(19)

1
W=—— wj (20)
U|j:wj¢Mj€]:Wj¢M
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Abstract: Strategic plans for waste management require information on the current and future
waste generation as a primary data source. Over the years, various approaches and methods for
waste generation modeling have been presented and applied. This review provides a summary of
the tasks that require information on waste generation that are most frequently handled in waste
management. It is hypothesized that there is not currently a modeling approach universally suitable
for forecasting any fraction of waste. It is also hypothesized that most models do not allow for
modeling different scenarios of future development. Almost 360 publications were examined in
detail, and all of the tracked attributes are included in the supplementary. A general step-by-step
guide to waste generation forecasting, comprising data preparation, pre-processing, processing, and
post-processing, was proposed. The problems that occurred in the individual steps were specified,
and the authors’ recommendations for their solution were provided. A forecasting approach based
on a short time series is presented, due to insufficient options of approaches for this problem. An
approach is presented for creating projections of waste generation depending on the expected system
changes. Researchers and stakeholders can use this document as a supporting material when deciding
on a suitable approach to waste generation modeling or waste management plans.

Keywords: waste generation modeling; waste production; waste prediction and forecasting; projec-
tion; short time series

1. Introduction

In developing countries, the prevailing goal is to dispose of waste, while in developed
countries (e.g., the ones in the EU), there is an effort to process the waste more sustainably.
The preferred methods of waste management (WM) and disposal in the EU have been
stipulated in the Waste Management Hierarchy [1] to make use of the waste potential. The
EU member states have been implementing the necessary legislative changes, and the next
step is to adapt the existing WM systems to meet the respective objectives. Strategic plans
for the modernization and construction of waste collection and processing infrastructure
require information on the generation and composition of waste, including their expected
development, as a primary data source. The aim is to create a WM system that is sustainable
from both the economic and environmental points of view. In response to this situation,
there is a growing number of publications dealing with waste generation modeling. This
review aims to summarize the available modeling approaches and discuss their suitability
for different applications in WM.
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1.1. Application-Based Targeting

WDM is a very complex field in which many tasks and problems can be encountered
in decision-making. The direction of WM development is conditioned by the appropriate
strategic planning of the various components of the WM system (waste collection, construc-
tion of new treatment facilities, change in facility capacity). A whole series of interventions
in the system requires several years for the preparation and implementation of the plan. It
is therefore necessary to start from well-developed comprehensive strategic plans, which,
among other things, take into account the expected development of the generation of the
waste fractions in question.

Each task is unique in nature, but all stages of the process require specific input data,
differing mainly in their time or territorial detail. The most challenging parameters are
the generation rates of different types of waste and waste composition (mostly MMW or
separately collected waste, e.g., paper, plastic). Therefore, the tasks are divided into three
logical blocks, where their characteristics are described to create models associated with
the current or future waste quantities.

1.1.1. Waste Management Legislation and Policy

The proper specification of the recycling or waste prevention targets included in legis-
lation requires reliable long-term knowledge of waste generation and treatment. Historical
data can identify the links of various socio-economic and demographic factors to WM
development [2]. The connections identified may reveal potential societal changes and,
consequently, positively affect waste generation trends and processing methods.

In the context of long-term forecasting (5-20 years), the Circular economy package of
the EU is relevant because it sets recycling targets for municipal solid waste (MSW) until
2035 [3] and landfill restrictions [4]. At the country level, the data are usually aggregated
annually, and as such, are suitable for forecasting. The disadvantage often is the availability
of only short historical data series, due to annual data records. The only reasonable
alternative for forecasting is finding the trend that the data follow (Section 4.3.2). Ghinea
et al. (2016) [5] considered multiple functions for describing trends, of which the S-curve
proved to be the most suitable for MSW. Ayeleru et al. (2018) [6] used a linear dependence
to describe the expected city-level rate of the generation of MSW. Other available works
dealt with very complex models that are not suitable for forecasting. A complete overview
is given in the Supplementary Materials (see Section 2.1).

Modeling waste generation makes it possible to compare mostly very ambitious
legislative goals with the forecasted values. The most significant shortcoming of the
methods for the longer-term estimation of waste generation is the failure to consider
potential interventions in the waste system itself. If the forecast is not in line with the
goals, then the projections are modeled. This can reveal the potential for changes in
individual territorial units. Within the projections, the forecasts are modified to achieve the
set target [7].

1.1.2. Strategic Decision-Making on Waste Management Infrastructure

Strategic decision-making in WM concerns the planning and implementation of long-
term projects for facility construction [8]. Compared to the previous part, waste manage-
ment legislation and policy, waste generation forecasting usually focuses on the regional
level. Data at the regional level are often available on an annual basis and estimating
trends from historical data is possible. However, the data and trends also usually feature
significant volatility, which makes forecasting more complicated and less accurate. It is
good to keep in mind the conditions in the surrounding regions that may affect the planned
project [9]. A hierarchical territorial division can ensure consistent forecasts between re-
gions and the entire country [10]. The definition of possible scenarios for future waste
amounts takes place in the strategic planning. Such scenarios arise from external inter-
ventions into the WM system, and they allow for evaluating the impact on the planned
projects’ sustainability [11].
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A significantly shorter time horizon is sufficient for collection strategy planning due to
the relatively short service life of collection containers and frequent legislative changes [12].
Models for collection planning usually focus on the daily or weekly data sets. This type
of data is common for cities and municipalities, where monitoring is conducted in greater
detail and during longer time horizons.

To ensure the financial and technical sustainability of a project, it is necessary to
assume, during its evaluation, that several parameters are uncertain, including the gener-
ation rate and the waste composition [13]. The current state and outlook for the area of
interest are needed to appropriately site a new facility or collection infrastructure with a
well-chosen capacity.

1.1.3. Operational Decision-Making in Waste Management

The last point is related to the planning of daily operations. Container level data are
needed in waste collection applications that use routing models (a summary of routing
problems and their application was presented by [14], which may feature various targets. A
typical representative of this is dynamic collection planning, where the waste quantities at
the individual collection points are estimated each day. On the other hand, when creating
a new collection plan, weekly or monthly data are required to properly set the collection
frequency. The frequency itself depends on both the waste properties and the capacities of
the collection points. Collection planning is closely related to the siting of the collection
points, which was discussed in detail in the previous sections.

1.2. Tasks Encountered in Waste Generation Modeling

When building waste generation models, it is necessary to distinguish whether an
estimate of the current or the future generation rate is made. The differences in the
terminology regarding prediction, forecasting, and projection are provided in the following
sections.

1.2.1. Prediction

The prediction of waste generation is used to describe the current or future situation.
Estimating the current waste generation rate is essential to define the links in the system
and to develop the models for other territorial units. These links can be used to model the
expected future waste generation. A common application is in the modeling of the waste
generation rate, depending on various socio-economic, demographic, and other factors. The
pitfalls of such models were described by [15] in more detail. The main weakness is that the
links in the system can change over time. Problems may occur when the links are modeled
using all of the historical data, without regard to their temporal variance. Consequently,
this may impact the quality of the future predictions of the respective models.

A common mistake is also to build models using the absolute data, without standard-
ization. Then, multicollinearity is often observed, which negatively impacts the obtained
results. In addition, the data yielded by a WM model should always include information
on the uncertainty, e.g., via confidence intervals.

1.2.2. Forecasting

Forecasting, sometimes termed prognosis, exclusively concerns the estimation of
future development. Most forecasts in WM involve waste generation. Other forecasting
targets (waste composition, waste treatment) are rare. When making a forecast, it is
necessary to remember that inferring the future development based on the current or
historical data is always a difficult—and often largely unsolvable—task.

Forecasting models assume that the respective parameters will evolve in a similar way
to their past development. The primary feature of a forecast is that no change in the current
conditions is expected. Data from even short-term forecasts must be evaluated carefully.
Longer-term forecasts are more indicative in terms of how the development of waste
generation might manifest if nothing changes (e.g., without any changes being made to the
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legislation). When it comes to waste generation, the problem is further compounded by the
fact that often only data sets covering very short time ranges are available. If sociology-,
economics-, or demography-related data from a “prediction” model are to be used, it is
imperative that such a prediction is of sufficient quality.

Forecasts should also consider the links between the waste streams, which are inter-
related (higher generation of separated waste leads to lower amount of mixed municipal
waste (MMW) etc.). A model should always allocate a certain number of data points at
the end of the time series for verification purposes. Even in forecasting, the results should
include information on the uncertainty.

1.2.3. Projection

Projections also deal with the estimation of future development; however, in contrast
to forecasting, they assume that a change will happen in the boundary conditions (legisla-
tive, technological progress). These conditions, which affect waste generation, cannot be
forecasted. Therefore, projections are often future scenarios given the specific boundary
conditions chosen by the authors. Scenarios can be created with respect to the objectives of
the WM, but deviations from the corresponding forecast should be as slight as possible.
Due to territorial hierarchy, it is appropriate to consider the division of national targets (i.e.,
individual regions according to their potential for change). Monotony in terms of waste
generation potential should be maintained. Possible links among waste fractions should
also be taken into account.

1.3. Research Questions

The underlying goal of this review is to gather supporting material for the develop-
ment of a comprehensive waste generation model, particularly with regard to its application
(see Section 1.1). Before studying the available literature, the research questions that are
addressed in the following text are formulated.

e  What are the common shortcomings of the available data, and how many data points
in a time series are sufficient? Response: Sections 2.1 and 3.

e  Which approaches and methods are suitable for certain applications? Response:
Section 3.
Can general recommendations be formulated for data processing? Response: Section 4.
Can prediction models be used to estimate future data? Under what conditions?
Response: Section 5.

e  How toimplement changes and interventions in WM (legislative interventions, changes
in data reporting methodology, introduction of new waste catalogue numbers) within
mathematical models? Response: Section 5.

The actual review methodology is described in Section 2. A detailed overview of the
studied publications can be found in Supplementary Materials. An extensive review was
carried out in order to create an overview of the methods and approaches to date. Based on
this, it is possible to choose a suitable approach for other tasks. In the event that the existing
approaches are insufficient for some types of tasks, it is appropriate to consider the issue of
developing new approaches. Section 3 presents the process of choosing a modeling method.
Section 4 then summarizes the modeling processes (preparation, pre-processing, processing,
post-processing) in the form of the problems and the authors’ recommendations. A SWOT
analysis for the individual models is provided for each method in Appendix A. The main
benefit of this contribution is the combined approach of forecasting and projection based
on a short time series, see Section 5. The presented method is designed as a universal
approach for any waste fraction. The lack of a multipurpose approach was found to be a
research gap. A common and problematic feature of the available data is a short time series.
Considering this feature, the approach is based on a trend analysis of the historical data,
followed by data reconciliation. This choice took place according to the decision-making
process in Section 3. A brief summary is provided in Section 6, including the suggestions
regarding further research directions.
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2. Literature Review

First, attention was paid to previously published review papers on the discussed topic,
with the aim being to prevent repetition, the summary is in Table 1.

Table 1. Previously published review papers.

o . Number of Y
Citation Time Range Publications Criteria
. ) . regional scale, MSW waste streams, independent
(Beigl et al., 2008 [16]); Until 2005 45 variables, modeling methods
regional scale, MSW waste streams, independent
(Cherian and Jacob, 2012 [17])  Until 2011 9 variables, modeling methods, socio-economic

factors

(Kolekar et al., 2016 [18])

modeling methods, territorial division, amount
2006-2014 20 and frequency of time-dependent data,
independent variables, waste stream

(Goel et al., 2017 [19])

classification into typical (multiple linear
regression—MLR, time series analysis—TSA,

1972-2016 106 factor analysis) and unconventional (fuzzy
methods, artificial neural networks—ANN)
approaches

(Alzamora et al., 2022 [20])

MSW stream, geographic scale, data type,

2008-2021 120 modeling technique, independent variables

(Abdallah et al., 2020 [21])

artificial intelligence in WM, identified six
2004-2019 85 applications; described multiple models incl.
hybrid ones

(Guo et al., 2021 [22])

machine learning methods in organic solid waste

2003-2020 40 treatment

(Xu et al., 2021 [23])

ANN models, categories of review scales:
macroscale (mainly focused on waste
generation), mesoscale (waste properties and
process parameters), meso-microscale (waste
process efficiencies), microscale (reaction
mechanisms or microstructures)

2010-2020 177

Older reviews clearly specify the as-of-yet unresolved research gap, while the more
recent works—e.g., [21-23]—deal exclusively with artificial intelligence and do not consider
other methods. As the works by [17,18] described the target periods with only a modest
number of published models, a new review for that period has been conducted in the
present paper. The contribution [19] presented a relatively extensive review, but further
applications require more elaboration in the context of waste fractions. The contribution [20]
aims to investigate the relationship between waste generation and socioeconomic factors.
Thus, a review of approaches that do not use influential factors for models (e.g., TSA) is
not provided. Therefore, the review will be carried out again in this contribution, with
a broader scope of the methods used. The review [16] is taken as the starting point, the
publication is ca. 15 years old and, therefore, an update is due. The review [16] summarizes
the methods used until 2005, but there are no described new approaches that have not been
addressed until then. It is therefore not necessary to study the contributions before 2006, as
this period has already been well covered in paper [16].

The review is therefore conducted for articles published in 2006 and later. The main
databases queried were ScienceDirect and Scopus with the keywords being: “msw predic-

“"ooas “"ooas “"ooas oo “"ous

tion”, “msw forecast”, “waste prediction”, “waste forecast”, “waste generation”, “waste
"o “woa

production”, “waste forecasting”, “municipal waste prediction” or “municipal waste fore-
cast”. The articles were sort on “relevance”.
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For the articles that matched the listed keywords, their relevance to this review was
assessed against the title or abstract. The criterion is that the chosen article presents a model
of either the current or future waste generation. When sorting by relevance, the articles
suitable for review are first displayed. Then, more occurred, which were excluded from
the review. When there were more than 20 non-relevant articles in a row when sorting by
relevance, the search was terminated. A total of 359 articles were identified for the detailed
examination within the review.

The following text is particularly beneficial because it contains detailed modeling
recommendations for specific WM applications. The criteria utilized in [16] have been kept
and several new parameters (the amount of data, waste types, etc.) have been added.

2.1. Summary of the Results

This study evaluated the 359 selected publications from several points of view. A
detailed overview of all the monitored criteria is available in Supplementary Materials;
the main text contains references only to the fundamental publications that the authors
have chosen for the citation in individual parts of the text. Supplementary Materials is
structured as follows:

e  Publication details (columns B-H): title, authors, journal, year, nationality according
to the affiliation of the main author, number of citations, keywords.
Origin of data (columns I-K): state, continent, the source of WM data.
Data details (columns L-R): number of dependent variables, time interval, number of
time intervals, territorial division, number of territories.
Forecasting (columns S, T): forecasting (yes/no), forecasting period length.
Waste streams (columns U-AK): MSW, MMW, bio-waste, paper, plastics, glass, etc.
Influencing factors (columns AL-AT): influencing factors (yes/no), population size,
education, age, income, gross domestic product (GDP), etc.
Utilized methods (columns AU-BF): LR, general regression (GR), TSA, ANN, etc.
Processing (columns BG-BH): pre-processing (yes/no), verification of assumptions for
LR.

e Model quality (columns BI-BM): coefficient of determination (R?), mean absolute error
(MAE), mean absolute percentage error (MAPE), etc.

2.1.1. Data Pre-Processing

Pre-processing is included in 26% of the papers, but it is often introduced very briefly
without a detailed description of the actual procedures used. Only 60 papers out of
359 involved pre-processing and simultaneously evaluated the quality of the developed
model. Approximately 32% of these 60 articles with pre-processing used weekly or daily
data [24] and about 47% of the articles with pre-processing used annual data. However,
the models with annual data are usually created on many territorial units, where, again,
it was possible to use common methods such as z-score [25], Grubb’s test, or Dixon’s
test [26]. Outliers occurring in a short time series were often dealt with expertly. The
authors’ recommendations regarding the pre-processing of short time series are provided
in Section 4.2. It should be mentioned that pre-processing did not address changepoint
detection in the studied papers, although it can have a major impact on the model.

2.1.2. The Detail of a Dataset

The selected publications focused on different waste types, as shown in Figure 1.
The most frequently modeled component was MSW, at 54%. This was followed by the
separately collected waste with high potential for material recovery (paper, plastics, glass,
bio-waste), with a frequency of about 15%. Separated waste (SEP) was also modeled as
one stream, i.e., the separately collected but not individually distinguished components of
MSW. It is worth noting that a relatively small percentage of the publications (6%) focused
on MMW generation (terminology is not uniform, in some publications also called residual
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waste). The reason for this might have been that this stream is quite difficult to model due
to the relationship between MMW and the sorted components.

60%
54%
50%
40%
(2]}
S
S 30%
=
o 22%
S 20 M
s 16% 159
15%
2 6 15% 14% 440,
€ 9%
g 10% 8% —8%— 8% :
: lninanssz
R T T O P @ SN RS
O N Y 3P @ & Sy L& ¥ @
AN MO AN R §°§$°w§/\%¢ ¥ ¥
XS L
& X
>
QO

Type of waste

Figure 1. Waste types studied in the evaluated publications. Legend: MSW—municipal solid waste;
PAP—paper; PLA—plastics; GLA—glass; BIO—bio waste; C and D—construction and demolition
waste; MMW-—mixed municipal waste; SEP—separated waste.

The following territorial divisions were monitored: state, region, municipality, house-
hold, building, hospital and “others” (which included all the remaining levels due to
their infrequent occurrence). Some territorial divisions were directly related to specific
waste types, e.g., building (construction and demolition waste), hospital, hotel, or aircraft.
Figure 2 shows the relationship of the territorial detail with the time division and the
input data acquisition method. The household data were most often available on a daily
basis (more than 55%). This was because they came from surveys in which the produced
waste was commonly collected from a sample of households and weighed every day. The
national-level data, on the other hand, were available yearly in 87% of cases.

Regarding the household-level data (waste generation and socio-economic informa-
tion), they were usually obtained via surveys or interviews. Existing databases about
reports were mostly used as the source for collecting the data for hierarchically higher
levels (municipality, region, state).
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Figure 2. The relationship between data origin and territorial division (left column in each pair), and
time and territorial division (right column).

2.1.3. Approaches Applied

The values in Figure 3 indicate the shares of papers utilizing each method (please note
that some articles employed multiple methods). The most common method—appearing in
31% of the studies—was MLR. In this case, the waste generation was estimated based on
the available sociological, economic, demographic, and other data. ANN, which belongs to
artificial intelligence methods and has become increasingly popular in recent years, was the
second most used (26% approach), followed by the simple descriptive approach and general
regression—GR (e.g., generalized linear model—GLM, analysis of variance—ANOVA, or
nonlinear regression). Some publications also featured other methods than those listed
explicitly in Figure 3 (grouped under “Others”). These included, for instance, mass balance,
the theory of planned behavior, or models based on geographical information systems (GIS).
The colors in the respective composite bar chart indicate whether the models described in
the evaluated papers were predictive or included forecasting as well.
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Figure 3. Distribution of methods used in the evaluated studies. Legend: MLR—multiple linear
regression; ANN—artificial neural network; GR—general regression; CA—correlation analysis; TSA—
time series analysis; SVM—support vector machine; GM—gray models; DT—decision trees and
forests; SD—system dynamics; FL—fuzzy logic.

Several models were tested in paper [27], of which the most accurate results were
obtained for the utilized data set using gamma regression (GLM). KarpusSenkaité et al.
(2016) [28] tested different models for a specific waste fraction (namely, medical waste), and
different time series lengths. The result was that no universally applicable model exists,
but the GLM models provided the best results for the regional-level data. Kannangara
et al. (2018) [29] compared DT and ANN and found that ANN achieved higher accuracy,
while the results from DT could be interpreted more clearly. According to [23], 45% of
WM papers using ANN worked with at most 100 data points, but ANN have still become
popular in WM. Petridis et al. (2016) [30] compared different models for time series, and
autoregressive moving average (ARMA) provided the most accurate results, but the Box-
Jenkinson methodology (ARMA, autoregressive integrated moving average—ARIMA, and
their modifications) achieves good results on long time series. Ghinea et al. (2016) [5]
presented S-curve models as the most suitable option for trend analyses depending on the
data available.

A different route is followed by hybrid models, which combine the advantages of the
individual methods used. Xu et al. (2013) [31] showed that the combination of the seasonal
ARIMA (SARIMA) and grey system was robust enough to fit the seasonal and annual
dynamic behavior of waste generation. However, the mentioned models are focused on the
specific waste fraction, and general applicability cannot be deduced. This is a feature of
most of the models in the review. The methodology proposed in [32] combined the S-curve
trend and ANN, where for the future construction projects, the S-curve trend was linked
to the project characteristics via the ANN forecasting of waste generation. Trend analysis,
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followed by correcting the estimates to maintain the hierarchical links in the system, was
supplemented by data reconciliation in the methodology presented in [33].

The selection of the suitable methods depends mainly on the nature of the input
data and the objectives of the model. The evaluation of the model quality presented in
various studies is problematic because of the different input data qualities, verification of
compliance with method assumptions, or model refitting risk. However, generally, it holds
true that higher-quality models can be obtained at higher levels of territorial division due
to lower data variability.

2.2. Evaluation of Review

The review showed the possibilities of using different modeling methods, and a
summary of the main outputs is shown in Figure 4. The numerical value indicates how
many models, out of a total of 359 publications, correspond to the given characteristic. It
should be noted that one publication may include several types of models, e.g., for testing
reasons or when using a hybrid method. Therefore, the sum of the values in one layer does
not have to correspond to the value in a higher layer. Attention is paid to the forecasting
models (130 publications out of 359); the prediction models for current waste generation
were previously addressed in the publication [15]. Forecasting models can be divided into
two basic types. One of them only works with historical data on waste generation and
models the development over time. These models use common approaches of TSA. The
eventual principles of ANN, GR, MLR, etc. are applied for modeling the trend in the data,
where time is the only independent variable. The second type models the links between
waste generation and various factors (economic, environmental, sociological, etc.). Based
on the expected development of these factors, a waste generation forecast is created. This
area includes both conventional and machine learning approaches.

The detail of the time division is crucial because it often determines the length of the
time series: the annual data create short time series and higher detail can create long time
series. The detail of the time series for both types of method (development in the time
and links in the system) was divided into year detail and others in Figure 4. The time
division is 28/23 (year/others) models for the methods using development in time series
and 64/15 (year/others) models for the methods using links in the system. Thus, a total
of 92 models use data in the year detail and only 28 models of 92 use methods based on
the development in the time. The fundamental problem of methods that use links in the
system is the need to forecast all of the influential factors. Usually, forecasts of these factors
are not available in the necessary quality and sufficient forecasting length, see [34]. The
authors consider it more appropriate to use methods based on time development due to
the smaller requirements for input data.

Furthermore, it is desirable to deal with the issue of territorial hierarchy. In most cases,
the model is created for one level of territory (state, municipality, etc.). For WM planning,
the waste generation forecasts are necessarily for different territorial divisions, but these
forecasts are performed separately without the hierarchical links. The review includes only
six models that consider the territorial hierarchy for short time series forecasts, and all of
these models were previously presented by the authors of this review. Most authors do not
consider territorial links (22 models for short time series), which the authors consider as a
one of the research gaps.
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Figure 4. Distribution of methods used in the evaluated studies. Legend: TSA—time series anal-
ysis; ANN—artificial neural network; GR—general regression; SVM—support vector machine;
GM—gray models; MLR—multiple linear regression; DT—decision trees; SD—system dynamics;
DES—description; FL—fuzzy logic; CA—correlation analysis.

e  The choice of modeling method (Sections 3 and 4).

The presented studies apply different methods without explaining why a particular
method was chosen. Based on the findings, this text provides support for decision-making
when choosing a suitable method. Data availability and data properties are primarily
taken into account (Section 3). The schematic representation of the suggested decision
process is described in Figure 5. In Section 4. the problems found in the modeling and
recommendations for their solution are formulated, which should make it easier for the
reader to apply the methods further.

e  The general approach of waste generation forecasting (Section 5)

The models mentioned in the literature review (Section 2) are focused on specific
waste fractions, and general applicability cannot usually be deduced. This is a feature
of most models in the review. Within this manuscript, the approach usable for arbitrary
waste fraction is presented (Section 5). The main characteristic of the approach is in the
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interconnectedness of the forecast and projection, which can achieve the results taking into
account real conditions.

3. The Decision Process for Method Selection

The selection of a suitable modeling method depends on the target application and
available data. For the applications presented in Section 1.1, it is advisable to use the
models from Table 2. This table shows only the forecasting and projection models, which
are necessary for planning the future directions to be taken in WM. For WM legislation and
policy tasks (Section 1.1.1), long-term forecasts with less territorial and temporal detail will
be more advantageous. The opposite is true in the case of operational decision-making in
waste management (Section 1.1.3); that is, short-term forecasting, which will usually require
more detail in terms of territory and time, will be most appropriate for this task. If dynamic
planning is required, then it is necessary to also take into account the computational
complexity of the methods.

Among almost 360 evaluated studies, no GLM model was found to be applied to
forecasting. In the case of methods describing waste generation via the influencing factors
(MLR, GLM, DT, ANN)), it is necessary to forecast all of the influencing factors in advance.
This significantly limits the usability of the mentioned methods because forecasts of influ-
encing factors are unavailable or of poor quality. As for TSA, these are mainly trend models
for long-term planning. Short-term time series information, such as seasonal effects and
autoregression, are essential for operational decision-making.

Table 2. Representative model types for individual applications.

Application Most Common Features Model Reference
MLR [35-37]
Waste management legislation long-term forecasting ANN [38,39]
and polic - smaller data frequency (e.g., years)
policy - larger territorial units (e.g., state) TSA [4041]
Scenario models [7,42,43]
MLR [6,44,45]
Strategic decision-makingon long-term forecasting DT [46]
) ¢ - smaller data frequency (e.g., years)
waste manlagemen - different territorial levels (city, region, ANN [29,47,48]
infrastructure
state) TSA [5,49]
Scenario models [50,51]
. MLR [49,52]
- shorter-term forecasting
Operational decision-making - greater data frequency (e.g., months, days) ANN [53,54]
in waste management - smaller territorial units (e.g., TSA [55,56]
municipalities)
Scenario models [57]

A general guide to selecting an appropriate forecasting method is shown in Figure 5.
The choice of a specific method depends primarily on the number and character of the
input data. The flow chart also contains the assumptions and requirements put on the
input data. The main steps in the process of forecasting are summarized below:

1. I Conversion of data to unit quantity (with respect to activity rate) and data transfor-
mation

Requirement: Activity rate is a significant parameter. Typically, generation per capita
is considered to be a unit quantity for MSW. Then, the number of inhabitants represents
the activity rate. If desired, the data can be transformed at this stage.

2. II Data pre-processing (level A in Figure 5)

Detection of outliers and changes in the trend.
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3. III. Assessment of significant parameters
Requirement: Data for all territorial units of the system.
4. IV. Selection of the modeling method (level B in Figure 5)

Requirement: Validity of assumptions with respect to the selected method. Sufficient
time series length for TSA depends on the method used in level C. Generally, the most
stringent limitations are set for cyclic and seasonal components and the Box Jenkinson
methodology. Expert estimates and average models, on the other hand, can be applied to

only a few data points.
5. V. Forecasting via the selected method (level C in Figure 5)

Requirement: Validity of assumptions for the respective method.

Data pre-processing

outliersand trend changes detection A
"
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Figure 5. Forecasting method selection procedure.

The final forecast should meet the following criteria:

e  Compliance with balances and interactions: balance of estimates on different hierarchy
levels. The hierarchical structure of territorial units and waste fractions should be
maintained [33], see Section 4.3.3.

o Confidence intervals: the expected uncertainty is integral to the results [58]. In most
cases, however, information on model uncertainty is missing.

e Evaluation of the model quality: most models involve at least some quality assess-

ment. Several commonly used criteria are R?, MAPE, and prediction errors. It is also
recommended to verify the quality of the forecast based on the testing data. Before
the forecast is made, a certain part of the data at the end of the time series is allocated
for this purpose, and then the prediction provided by the model is compared to this
pre-allocated data set.

4. Problems and Recommendations for Waste Generation Forecasting

A wide range of theoretical bases for forecasting approaches is provided by [59], but
without a link to specific applications in WM. The requirements and processes that are
inherent to each waste generation estimate are explained below. Based on the studied
publications, the authors of this review proposed a 13-step approach for forecasting, which
can be divided into four parts: data preparation, pre-processing, processing, and post-
processing. Predictive models are described in detail in the previous papers and will
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therefore not receive much attention. It is possible to be inspired by predictive models
when processing data for forecasting. The following text will formulate the problems (P)
and recommendations (R) for the individual forecasting steps based on the experience of
the authors and the comprehensive review of the published papers. Almost every article
dealing with waste-related data features some steps from Figure 6 and, therefore, potential
research gaps will also be specified for issues that have not been sufficiently addressed.
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Figure 6. Schematic representation of the waste generation modeling procedure.

4.1. Data Preparation

P1: The use of historical data within time series can be complicated due to a change in
the methodology of monitoring and recording this data.

R1: Historical data must be collected using the same methodology. If the methodology
changes, it is necessary to delete the data prior to the alteration or to modify the data
accordingly. An example is the merging of some waste streams for recording. Then, it is
possible to also merge these waste streams in the historical data before the change.

P2: The required data are not available for all variables or territorial units.

R2: The data can be aggregated to obtain the missing values for higher territorial units.
Aggregation also reduces data variability, which is more pronounced at lower levels. In
addition, the missing data can be added using predictive models (see Section 1.2 [15]).

P3: It is difficult to compare regions in absolute terms due to the different sizes of
producers. The analysis is therefore problematic because of extreme values.

R3: The data often needs to be normalized to check the relationships between vari-
ables [15]. Normalization or standardization applies to both waste and socio-economic
data. The most common is normalization per capita, household or area. The normalization
can also be shifted to improve the interpretability (e.g., the number of stores per 1000 in-
habitants). If the data are not normalized per capita, it is recommended to discard extreme
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values in predictive models. Such data usually originate in the capital or other big cities
that, due to their size, can have a considerable impact on the model behavior.

P4: Heteroskedasticity frequently occurs in the data.

R4: For some variables, it is recommended to transform the data to obtain a more even
distribution of values. Logarithmic transformation is used most often. The logarithm with
base 2 is recommended due to the character of the data in WM. However, here, the possible
zero values must be treated appropriately. For zero values, the logarithmic transformation
is not defined at all, values close to zero will have a disproportionately significant impact
in subsequent analyses. At present, the authors do not know a suitable approach for the
processing of zero values in logarithmic transformation.

P5: The data on waste generation include waste fractions, which influence the genera-
tion of other fractions.

R5: Interdependent waste fractions should be modeled together. For instance, there
is a significant interdependence between MMW and SEP [60]. It may be advantageous to
forecast the generation of these waste fractions as an aggregate in the absolute value (e.g.,
MMW + SEP) and, simultaneously, individual fractions as a rate of the total quantity (e.g.,
MMW /(MMW + SEP)). This will cause smoothing in the data.

4.2. Data Pre-Processing

P1: Historical WM data may be influenced by unknown or complicated regressors
(economic cycles).

R1: It is possible to adjust the data for changes in the given parameters over time, such
as economic cycles, or one-off situations, such as the COVID-19 pandemic. The adjusted
(smoothed) data can then be used for modeling and forecasting.

P2: The presence of outliers negatively impacts the model.

R2: For long time series, it is possible to follow the common methods for the detection
of outliers (see, e.g., [24]). These methods, however, are problematic when it comes to short
time series (typically annual data) because the methods’ assumptions cannot be confirmed.
Therefore, it is necessary to use a combination of approaches and supplement them with an
expert view. The authors can recommend the Holt method (for trend cleaning) together
with the Grubbs’ test for the identification of outliers in residues.

P3: The common methods for changepoint detection are not suitable due to their short
time series [24].

R3: The following points are recommended for changepoint detection:

e Historical data should be standardized. This makes it possible to specify the same
critical limit for each time series.
Use data visualization if the amount of time series allows.
Do not identify multiple changepoints in one time series if it is not long enough.
Focus on the angles between the partial subsequences of the time series and the angles
of the historical data lines with the x-axis.

e  For further calculations, use the part of the time series behind the changepoint.

P4: It is difficult to detect data anomalies (outliers, changepoints) at the endpoints of
the time series.

R4: It is risky to mark an anomaly endpoint as an outlier or a changepoint because no
subsequent development in the data is known. It is recommended to test the model with
and without the endpoint and compare the output ranges. This will verify the effect of the
endpoint on the resulting model. The final decision in the consideration of the. removal of
the endpoint due to an anomaly is up to the user.

P5: A time series behaves differently than the other time series (i.e., the whole time
series has an extreme generation of waste compared to other producers).

R5: If the entire time series features anomalies, it is advisable to look for influencing
factors that may affect it. Another option is to test for a possible correlation between
neighboring territorial units because the WM characters may be similar in nearby localities.
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Expert judgment is the only way to assess the results and evaluate the pre-processing
quality.

4.3. Data Processing
4.3.1. Forecasting of Input Parameters

P1: Finding models that describe the waste generation based on the input parameters
with sufficient accuracy is not guaranteed.

R1: Clustering can be applied to territories, and then the model can be built at the
cluster level [61]. By compiling a model for each cluster separately, higher accuracy can be
achieved due to local conditions. The different links can be described in specific clusters of
territories and increase the model accuracy.

P2: Forecasting models require the forecasts of all their input parameters for the
desired level of territorial division [62], but for some influencing factors, these are not
available. Alternatively, only short-term forecasts of the influencing factors are available,
but they do not cover the entire waste generation forecasting horizon [34]. Enormous
uncertainty would enter waste modeling right at the beginning (not to mention the fact
that it is not desirable to proceed with flawed input data).

R2: The inclusion of the influencing factors in the waste generation forecast is not
suitable if the forecast of the influencing factors does not cover the whole forecasting
horizon or there is significant uncertainty. Then, it is recommended to use the principles of
TSA. Forecasts of demographic influencing factors differ from other socio-economic charac-
teristics, and it is recommended to include demographic development in WM forecasts [34].
Long-term demographic projections are usually of sufficient accuracy, but unfortunately,
they may not be available for smaller regions. It must be noted that demographic models
are, in fact, projections because they are created in the form of scenarios [63].

4.3.2. Application of the Selected Method

P1: A specific method for TSA must be chosen concerning the data frequency detail
and the length of the time series.

R1: If daily, weekly, or at most monthly data are available, then it is possible to monitor
the cyclic and seasonal components, and short-term forecasting usually is possible [49].
Otherwise, when only yearly data are available for aggregated territories (region, state, i.e.,
most data sets commonly provided by states or government strategic planning agencies),
solely the trend can be examined by the regression function [5]. In some cases, it can be
advantageous to use Poisson regression. In the comparison with the trend in the form
of a nonlinear function, the Poisson regression has less accurate results. However, the
advantage is lower computational time.

P2: The choice of the regression function for describing the trend in the data is not
clear (several different functions can give similar results).

R2: It is advisable to look for a compromise between the quality of the fitting according
to the chosen criteria (e.g., R>, MAPE) and the properties of the selected functions. The
authors evaluated the following properties as substantial:

e  Monotony—the trend over the forecasting horizon should not change from rising
to declining and vice versa, so the trend is assumed to be monotonous. Oscillations
around the trend caused by the seasonal or cyclical component are not possible to
describe in short time series. Requiring monotony will also reduce the risk of model
overfitting. It is recommended to use the power function for trend modeling. The
advantage is its wide application for both rising and declining trends [34].

e Limited growth—some time series have a very significant growth in historical data
(resp. decline), which may be exponential. Such a trend is usual after the system
change, e.g., by collecting a new waste fraction. It cannot be expected to continue this
trend over the entire forecast horizon. The more likely development is that the waste
generation will slow down the growth. In such cases, it is appropriate to model the
trend using an S-shaped curve [34].



Sustainability 2023, 15, 3278

17 of 29

It is recommended to model the trend with a simple model and a constant value in the
following cases, see [34]:

e By excluding data after pre-processing, the time series remains too short for trend
estimation. The minimum number of data can be adjusted to the specific length of the
time series.

e  The trend model in the data using the functions described above is of poor quality. As
a criterion recommends using R2, the critical limit R2 can be customized.

e A simple model with a constant value leads to results that are comparable to a more
complex model.

e  Asaspecial case, time series containing zero generation of waste in recent years should
be extrapolated as a zero value-it is not expected to start generating this waste again.

P3: Attention should be paid to possible special cases of the waste streams. For
example, the legislation may change, which may then cause a changepoint, etc. Completely
new waste streams may also be introduced after the legislative intervention. Historical
data then cannot be used for forecasting in the usual manner.

R3: The mentioned special cases should be detected in pre-processing if the change has
already been reflected in the historical data. It is possible to consider the trend forecasting
even if not all regions have already responded to the change. In other words, more
advanced regions may outline the future directions for the less developed ones (Smejkalova
etal., 2020 [64]). An analogous idea can be applied at the state level considering countries
with differently advanced WM. Other notable special cases represent waste fractions whose
quantities are directly influenced by the developments of specific external factors. A typical
example is metal waste, which is linked to the purchase price of raw materials. The
purchase price is difficult to forecast due to its cyclic behavior, leading to complicated
forecasting of the metal waste fraction.

4.3.3. Data Reconciliation

P1: Historical waste generation data can contain internal consistency links, which
form a hierarchical structure: the state comprises the regions, the regions comprise the
municipalities. These links are not always maintained after applying the selected method
(Section 4.3.2).

R1: The authors recommend correcting waste generation models to restore the system
links using, for example, a data reconciliation model [33]. It is assumed that the amount
of waste generated at a higher territorial unit is equal to the sum of the amounts in the
territories that belong to it (e.g., municipalities located in a particular region). The second
type of internal balance assumes links between the waste fractions. An example is the effect
of separated waste generation on the amount of MMW [10].

P2: The data reconciliation model is significantly affected by the model weight settings,
for example, different importance of the results that are balanced.

R2: It is necessary to pay attention to appropriately chosen weights when balancing;
weights should be considered both in terms of total waste generation (preferably in the
square root) and in terms of the quality of the estimate. In the case of the balance, percentage
changes must also be taken into account [34].

P3: An increase in the generation of one fraction does not mean a decrease in the
production of another fraction by exactly this amount; that is, the overflow of waste
amounts is not consistent.

R3: The interdependence of waste fractions must be captured in a form that corre-
sponds to reality; the values of the transition between the fractions do not have to be equal;
individual waste streams are created and disappear [60].

P4: The possibilities of the chosen solver can significantly affect the success of the
calculation when the model is stated as a mathematical programming problem.

R4: The data reconciliation model can be formulated in additive or multiplicative
form [34]. The multiplicative form has a significant advantage for wastes with high
variability between individual fractions. Producers with significantly different waste
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generations can occur at different levels of the territory. The additive formulation causes
numerical and rounding errors. The setting of the model weights also depends on the
formulation. In addition, the multiplicative form works with the percentage change, which
is a problem in the case of zero values [34].

P5: The solver is not able to find the optimal solution due to the task size or computa-
tional complexity problems.

R5: Usually, at least a relaxed solution is available, i.e., the balances are not met exactly.
This may not be a problem for some forecasts. In other cases, it is recommended to reduce
the optimization task so that smaller sets of waste streams will be balanced, e.g., only for
individual catalogue numbers.

4.3.4. Expression of Uncertainty

P1: Each forecast should provide confidence intervals [65], ideally also prediction
intervals. If data reconciliation has been carried out (previous step, Section 4.3.3), it is not
possible to use common interval constructs with a normal probability distribution around
the model mean value.

R1: The authors suggest simulating the confidence and prediction intervals with the
bootstrap method. It is possible to use historical data as one of the possible realizations,
and then its variance to generate new data sets. A forecast is made for these generated data,
which creates different realizations of the forecast. Based on the properties of forecasts for
individual realizations, confidence and prediction intervals are compiled [34]. In the case
of a limited number of possible generations within the bootstrap, the variance of forecasts
for the construction interval is estimated. In this case, approximately 30 bootstraps are
considered sufficient [34].

4.4. Data Post-Processing
4.4.1. Modeling of Scenarios

P1: A forecast does not include possible changes to the system, as described in
Section 1.2. Projections deviate from a basic forecast because they must obey the model
constraints and predefined boundary conditions. It is essential to ensure the feasibility and
consistency of a projection.

R1: Legislative interventions take place at the state level or the levels of other self-
governing units. The distribution of the projection changes to the micro-region is essential
for determining the potential for future development. For analyses associated with the
potential to increase the separation of MSW, it is necessary to have available (or at least
estimate) the MMW composition, which allows estimating the potential for change. When
using projections, it is recommended to consider the links between waste streams [60]. For
the projections, it is necessary to determine the potential for change. The following applies
to scenario solutions:

e  The scenario does not exceed the potential for change which was set for a specific
territorial unit.
All territorial units show a shift towards meeting the scenario if the potential allows it.
The individual territories do not overtake in terms of the fulfillment of potential and
are monotonous.

4.4.2. Self-Learning Mechanisms

P1: The results must be updated when the input data set changes. The change may
occur due to the data editing in the original database or the addition of new data on waste
generation from the next period.

R1: During model re-evaluation, one must carry out all the forecasting steps specified
in Figure 6. When the data are dynamic in nature, it is necessary to react quickly and
develop an adequate methodology [66]. As an example, one might mention forecasting
utilizing smart technologies such as weight or fill level sensor-equipped containers.
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4.4.3. Model Diagnostics and Presentation of Results

P1: The quality of the models must be verified.

R1: The quality of a forecast should be tested using a pre-allocated test data set. In
other words, the forecast should be made using a smaller data set, and the results should
then be compared with the remaining values that were not used as the model input data.
Model verification can also be conducted via confidence intervals.

R2: Forecasts provided by the models must be presented clearly so that their end-users
(the decision-makers) can easily interpret them. Methods for representing results visual-
ization can be found in the paper [45]. Another promising approach for communicating
the results and incorporating them into the simulation calculations is the gamification
approach [67]. Tools based on gamification for strategic planning in waste management
provide interactive feedback with respect to the set criteria [68].

5. Modeling Future Waste Generation and Treatment Based on Short Time Series

Authors of this contribution recommend applying a combination forecast model and
a subsequent projection model, see Figure 7. Compared to Figure 6, Figure 7 shows the
essential steps of the projection in greater detail. In the first step, a forecast should be
created based on historical data, which considers maintaining the current form of WM into
the future, see Section 5.1. This part corresponds to data preparation, pre-processing and
processing in Figure 6. This is basic information, but waste generation will be affected by
systematic changes (legislative, technological etc.) and global trends (sociology, economy
etc.) in the real world. Using predictive models, the influence of these factors on waste
generation can be estimated, but their development cannot be well forecasted. The expected
development of the influencing factors is a matter of expert assessment. Waste generation
projection should be a combination of the forecast results with a predictive model, and the
impact of the external interventions can be modelled as different scenarios. In the form of
scenarios, an estimate of future waste generation can be achieved, which will correspond
as best as possible to the real conditions.

Data preparation
Application of the . —_— Expression of
selected method »| Data reconciliation uncertainty
v
Pre-processing —1 ¢
Forecast based on
historicaldata |—
sec.5.1 .
Processing
Scenario 1
. Scenario 2
_,| Projection
sec.5.2
Systematic changes Scenario 3
- legislation
- technology
Predictive model Expert
Rosecky et al., 2021 assessment
Global trends
- sociology
- economy Post-processing: Scenarios modeling

Figure 7. Schematic representation of the integration of forecasting and projection. Predictive
model [15].
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5.1. Waste Generation and Treatment Forecast

It is recommended to apply a method based on trend analysis with subsequent data
reconciliation in order to maintain hierarchical links in the data [34]. The trend in the
historical data can be modelled by the suitable curve. The model of the waste generation
trend py is significantly affected by the type of the curve f; (1), where t is the index of time
including both the historical data and a forecast.

pt = ft- (1)

Designation f; indicates the curve that is recommended in the form of power function
(2) or logistic function (3) based on the data character:

pr = a+ bt )

1

T 14 e (@tby ®)

pt

where 4, b, ¢ are the regression coefficients. A model that fits the historical data well is
extrapolated to cover the entire forecasting horizon.

The trend estimates do not generally maintain the hierarchical links, i.e., the sum of
the regional trends does not correspond to the national trend and similarly for other links.
Therefore, it is recommended to apply data reconciliation to ensure these links. This is
achieved by a set of constraints. For the territorial hierarchy, this is constraint (4), where
A i defines the relations between territories (j is a superior territorial unit and j is a lower
territory).

€]

Constraints in the case of links between waste fractions can also be formulated similarly.
Equation (5) connects the waste generation input data p; in particular time with the model
variable k; and the waste generation data error ¢; in the form of additive notation. In some
cases, for reasons of solvability, the multiplicative form of notation is more advantageous.

ki =pj+e;. vie], (5)

Equation (6) represents the objective function for the variant with weights v; to take
into account the size of the producer and weights w; according to quality of fitting.

Y (o))" {(s,-* )+ (s,»)z] (6)
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The result of the performed data reconciliation is a forecast based on historical data;
this is a basic scenario, further marked BAU (business-as-usual scenario).

5.2. Waste Generation and Treatment Projection

Projections of waste generation are usually formed to meet some targets that are set for
aggregated territory (national level). The default information is forecast (BAU, Section 5.1),
which is modified to achieve the conditions formulated in the scenario. It is assumed
that interventions can influence waste separation and waste generation prevention. The
increase in the waste separation within the scenario is caused by the higher separation of
the modelled fraction f (e.g., paper, plastics, glass) from unseparated waste u (e.g., MMW,
bulky waste). Thus, the expert assessment includes setting the following parameters:

e  percentage waste prevention (prev>“N1: SC—marking the scenario, N1—territorial
level NUTS1),
e  separation rate of individual assessed waste fractions (SRiS{N 1. u—unseparated waste

fraction, f—modelled waste fraction).
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The main results of scenario SC on aggregated territory N1 are:
e  Separated waste kin’N L

The generation of separated waste f, which originates in the unseparated fraction u, is

determined according to (7). The expression kf ?U'Nl +1 5 ?U'N ! means the total generation

of fraction f according to BAU, i.e., separated kf’}u’N ! originates in u and rest of f in

AU,N1

unseparated fraction / 5 I amount. From the total generation, the separated amount is

determined using the separation rate SRi(}’N !, and the impact of prevention is also taken

into account as (1 — prevScN1).

e  Waste f in unseparated waste u: ZSS;N L

The result of this point is therefore the composition of the unseparated waste u, and
it is determined according to Equation (8). The principle is similar to the previous point

for separated waste ki(}’N ! only the supplement to the separation rate is considered as
(1 — SRIGN 1).

e  Total unseparated waste (LEC’N 1) .

The generation of the unseparated waste u is given by (9). It comes from the generation

of uin BAU (LE AUN 1) , which is reduced by the prevention in the form (1 — prev>cN1).

The waste that was separated according to the scenario SC is deducted from this amount.
The separation of waste f in the scenario SC is determined as the difference between quantity

in BAU givenby } rcr lf ?U’N ! (1—- prevSEN 1) and the new quantity in SC scenario given

SC,N1

by ZfEF lu,f .
KGN = (1= prevSONT) (KDAUNT 4 |PAUNT) gRSCNT Vue U, Vf e F @)

SC,N1 _ (1BAUN1 | ;BAU,N1 SC,N1 SC,N1
SCNT = (k +IPAUNT) (1= SREGN) (1= preoSENT) Vuel, VfeF ®)
LgC,Nl _ LEAU,Nl(l . prevSC'Nl) . <fZF lf?ll,Nl (1 _ prevSC'Nl) _f FZSS/M) Vuel )
€ S

The result of the SC scenario at the aggregated (national) level, given by (7)—(9), should
be subsequently divided into lower territorial units, down to the municipalities, because
the national WM is the result of the activities of the lower units (municipalities). It is
recommended to divide the scenario for the national level (N1) to the level of municipalities
(L2) according to the potential that individual municipalities have for waste separation
improvement. A suitable indicator of this potential may be the separation rate.

The goal of the presented approach is a suggestion of a general approach that is
applicable to any waste fraction based on short time series. At the same time, it is a unique
approach, combining the principles of forecasting with the consideration of influential
factors through scenarios. Thanks to modelled scenarios, the expected variability of waste
generation is taken into account, which will enable more efficient planning of WM.

6. Conclusions

Over the years, various methods used for waste generation modeling have been
proposed. Prediction, forecasting, and projection must be distinguished, while the use of
various approaches depends on the specific application in WM. A deficiency was found in
that a significant number of past publications have been devoted to designing a suitable
modeling method. However, the authors recommend paying attention to the quality of the
input data, which has been minimal in the reviewed papers. It is important to remember
that input data are essential for every model. In addition, the end-user of a forecast,
prediction, or projection must be provided with the model uncertainties in the form of
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confidence intervals or several scenarios. This is another key part of each model that was
missing in the majority of the evaluated papers on WM modeling. Although many methods
do not offer a direct way of expressing the model uncertainty, bootstrapping can be used to
at least estimate it.

The data set available, its territorial and temporal detail, and the prediction horizon
are decisive for the modeling method choice. As prediction models have already been
elaborated in greater detail [15], most of the text is devoted to forecasts and projections.
The authors formulated the decisive process for the choice of modeling method, which
provides unique support for further forecasters. In summary, if the influencing factors
and their links to waste generation are used for modeling, the influencing factors must
be forecasted as well. The use of TSA is often limited by its requirements of time series
length. In addition, the presented methods are intended for specific waste fractions. Based
on the mentioned conclusions of the review, the authors presented a general approach for
forecasting. To use this method, it is necessary to have a time series of historical data on
waste generation. Compared to other TSA-based methods, a significantly shorter time
series is sufficient. The calculation of the method is based on the optimization task of
nonlinear programming. The user must therefore have software suitable for this calculation
with adequate solvers (CONOPT, KNITRO, etc.). The main feature of forecasting is that
it models future developments while maintaining historical conditions. The impact of
changing the influential factors on waste generation can be implemented in the forecast in
the form of scenarios.
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Appendix A. SWOT Analysis

The SWOT analyses, evaluating strengths, weaknesses, opportunities and threats, were
performed for several presented methods: multiple linear regression—MLR
(Table A1), generalized linear regression—GLM (Table A2), methods using decision trees—
DT (Table A3), artificial neural network—ANN (Table A4), time series models—TSA
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(Table A5) and scenario approaches (Table A6). SWOT analyses enable better insight
into the problems of individual methods and enable very valuable comparison of their
advantages and disadvantages.

Table Al. Multiple linear regression.

Strengths

It allows to quantify the influence of individual predictors (including the significance) or their interaction on the dependent variable.
It provides a general information on the functioning of the modeled process from both a qualitative (dependency direction) and a
quantitative (size) perspective.

It is easy to obtain the confidence intervals (CI) and the prediction intervals (PI).

It is simple, computational efficient and easy interpretable.

Weaknesses

Necessity of strong assumptions compliance (especially for the normality of residues, homoscedasticity of data and linear
dependence with respect to the coefficients), which is often violated in practice.

The dependence is restricted to approximately linear/linearizable with respect to the regression coefficients.

The risk of multi-collinearity of data, especially in more complex (multidimensional) problems.

Accuracy, especially for complex non-linear problems.

Opportunities

The possibility of identification and correction in case of unexpected behavior of the model, leading to better control of the model
creation.

Data pre-processing methods such as principal component analysis (PCA) can be useful to reduce the dimension and ensure the
independence variables [69].

Its main task in WM is to reveal the factors that have fundamental influence [16]. Thus, MLR is useful especially for policy planning
and infrastructure decision making (Section 1.1).

As grouping municipalities into clusters based on their characteristics can lead to models featuring higher accuracy [70], separate
models were then created for each cluster.

Implemented in all standard statistical SW tools, often with automatic creation of outputs (especially the graphical ones), which
may warn even less experienced users that some prerequisites are not met.

Threats

“Necessity” of manual selection of predictors or of the order of interactions means that smaller number of potential predictors can
be used in practice (correlation analysis can be used to reduce their number, but it is also recommended to check the results and it
also requires closer inspection of predictors and their dependence).

The assumptions are quite strict, and it usually is quite difficult to meet them with WM data, especially at lower territorial levels.
WM systems are complex and nonlinear in nature, and the analysis of residuals should be used to evaluate the appropriateness of
linear approximation.

In case of non-homogeneous data, there are problems with the form of the dependence or with the applicability of created model on
the type of data, which was not sufficiently represented in the model creation phase.

Table A2. Generalized linear models.

Strengths

It provides information on the proportion of the explained variability of the dependent variable through the included predictors
(independent variables).

It provides general information on the functioning of the modeled process from both a qualitative (dependency direction) and a
quantitative (size) perspective.

Computationally not demanding.

Weaknesses

Assumptions on the distribution of residues, homoscedasticity of data and linear dependence with respect to coefficients.

A risk of multi-collinearity of data, especially in more complex (multidimensional) problems.

There is no analytical way to estimate the model parameters. Knowledge in WM is essential to determining suitable initial
estimates. It also is possible to use the results of MLR as the starting point for another GLM.

CI and PI generally do not exist, but there are attempts to construct them for some special cases (e.g., for gamma regression) [71].
Lower accuracy, especially for complex non-linear problems.
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Table A2. Cont.

Opportunities

The possibility of identification and correction in case of unexpected behavior of the model, leading to better control of the model
creation.

Better flexibility (compared to MRL).

The possibility to include expert knowledge of the process by selection of distribution of dependent variable or by including known
effects (offset).

The possibility to specify the smoothness or the monotonicity of dependency (suitable also for maintaining the same structure of the
model when using new data).

Relation of other models such as generalized additive models (GAM), penalized regression (Ridge, Lasso, Elastic Net) or mixed
models.

Implemented in all standard statistical SW tools, often with automatic creation of outputs (especially the graphical ones), which
may warn even less experienced users that some prerequisites are not met.

Threats

“Necessity” of manual selection of predictors or of the order of interactions means that smaller number of potential predictors (of
order of tens) can be used in practice (correlation analysis can be used to reduce their number but it is also recommended to check
the results and it requires closer inspection of predictors and their dependence).

In case of non-homogeneous data, there are problems with the form of the dependence or with the applicability of created model on
the type of data, which was not sufficiently represented in the model creation phase.

In general, a global optimum, when searching for parameter values, is not guaranteed (does not apply for some special cases).
Some GLM types can model negative values. For waste generation modeling it is recommended to use GLM types for which the
acquisition of only positive values can be guaranteed (e.g., gamma regression).

Table A3. Methods using decision trees.

Strengths

It allows to describe even complex non-linear dependencies, which often appear in WM.
High accuracy, especially in comparison with traditional methods [72].

Models are robust and not as sensitive to the choice of influencing factors as MLR or GLM.
Robustness of random forest (RF) and Gradient boosted regression tree (GBRT) [73].

Weaknesses

Computationally demanding, especially for complex models and large number of observations.
Interpretation is challenging for RF and GBRT. DT loses high accuracy.

Opportunities

Data assumptions.

The selection of a specific DT model also depends on the size of the data set (detail of the territorial division, monitored waste
fractions).

Automated process with predictors enabling to work with large number of independent variables.

Information on the importance of each variable is provided, this helps with their selection.

Parameter tuning is less demanding (compared to ANN).

The computation of RF can easily be parallelized.

Threats

Generally, the PI construction is more complicated (compared to MLR). Quantile regression or resampling methods may be used.
For DT, the intervals construction method was not found, but the intervals of individual models in tree leaves could be theoretically
used.

GBRT is computationally intensive.

In case of RF and GBRT, there is insufficient insight into internal functioning of the model. This means that it is difficult to find the
root cause if the model behaves unexpectedly (except for DT).

Threat of the model over-fitting.
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Table A4. Artificial neural networks.

Strengths

They allow to describe even complex non-linear dependencies.

ANN models have few assumptions about the data in the terms of distribution. From this point of view, one could utilize most data
sets coming from WM.

It is possible to work with many independent variables that influence the form of WM.

High accuracy, in comparison with traditional methods [74].

Weaknesses

Computationally demanding, especially for complex models and large number of observations [75].
Requires model specific experience [75].
ANN are not suitable for “on-the-fly” decision making.

Opportunities

Low data assumptions.

Input data can be compiled in pre-processing to achieve the highest possible model accuracy.

If the parameters are set correctly, the results are most accurate for nonlinear dependencies. However, choosing appropriate
parameter values is not trivial, and understanding of WM is required.

Automated process with predictors enabling to work with large number of independent variables (even hundreds of variables but
considering the computational complexity).

Threats

There is insufficient insight into internal functioning of the model.

In general, a global optimum for parameters is not guaranteed.

CI and PI are solvable, but it is advisable to keep caution (as with methods using decision trees).

Training an ANN is computationally intensive.

Models are typically used on large data sets (ideally thousands of data points). Application to smaller data sets, which are common
in WM, is problematic.

Threat of the model over-fitting.

Interpretation challenge (black box models).

Table A5. Time series analysis.

Strengths

It allows to capture the dynamic of development of the observed process.
Good theoretical basis.
CI and PI creation clear and straightforward (this is similar to MLR).

Weaknesses

Disadvantageous ratio for amount of data needed for modeling and the length of the prediction (high tens or better hundreds of
observed values are needed for prediction of order of units).

It is difficult to take into consideration external influences (socio-economic, demographic, etc.).

Lack of data in the WM area.

Opportunities

Recommended when revealing the links in the system is not important, but only the time development (even in the future).
The possibility to better understand the behavior of the dependent variable itself (seasonality, trend, autocorrelation function, etc.),
but only provided enough data is available (i.e., seasonal effects on annual data cannot be ascertained).

Threats

Disproportionate confidence in the model built on insufficient data (since it is a “white box” model).
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Table A6. Scenario-based models.

Strengths

Combination of benefits of the TSA and the “correlation” approaches.
Waste generation can be forecasted including possible interventions which have not yet been reflected in the historical data [34].
Possibility to model different scenarios.

Weaknesses

It is difficult to handle uncertainty (especially in case of input predictions from external sources with insufficient specification).

Opportunities

Possibility to incorporate expert estimates and domain knowledge (e.g., goals and legislative changes).
Suitable for modeling of extremes such as the worst/best case scenario (e.g., meeting the legislative objectives) with the current
state of WM and after certain interventions.

Threats

There is a risk of models” usage outside the area where they are intended to be used.
Each scenario should reflect a potential for change, such as changing separated waste and MMW production [10].
Dependence on the quality of inputs (scenarios).
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ABSTRACT

The fundamental knowledge at all levels of decision-making related to waste management is the quantity and
composition of waste. Many articles deal with methods for estimating the composition of municipal waste, but
most details are given as to how many categories should be chosen and what technical procedure should be
followed. In order to obtain a broader view and a reasonable evaluation of the results, it is necessary to select the
areas where the analyzes will be performed effectively. Current approaches have insufficiently addressed this
issue at the regional and national levels. This paper presents a method that uses multi-level stratification to
divide municipalities into similar groups to reduce the number of observations needed to obtain an estimate of
the composition of waste in a selected area (region or state level). The method combines expert knowledge with
statistical considerations and makes use of cluster analysis. Socio-economic and waste-related parameters are
used within the individual steps. Regarding the available financial resources and the required accuracy of the
results, the municipalities in which the analyzes should take place are selected. These representative munici-
palities represent other municipalities in the created groups, and thanks to them, it is possible to estimate the
composition of waste in any municipality, region, or larger territory. Waste analysis planning is an essential
procedure for waste management, but the respective costs represent a crucial factor at the national level and even
more for individual municipalities. Estimating waste composition impacts the transition to sustainable waste
management and is thus a key element for further development in this sector. The presented method demon-
strates the selection of 10 representative municipalities from the Czech Republic, but an arbitrary number can be
set respecting the financial resources. Estimating the composition of the mixed municipal waste for the Czech
Republic should cost around 72,000 euros for ten representatives with different distribution of dwelling types.
The method is described in general and can be applied to any territory/country in the world, considering local
conditions and possibilities.

1. Introduction

compulsorily collected in EU countries from 2025 (Directive (EU)
2018/851).

The most crucial and usually unknown or estimated is the compo-
sition of waste generated at all levels of regional division. The most
discussed type of waste is municipal solid waste (MSW - origins from
households and similar commercial, industrial and institutional wastes,
it includes also separately collected fractions). Citizens are under pres-
sure to effectively sort waste to increase material or energy recovery
(Directive 2008/98/EC). A significant part of MSW consists of a residual
mixture of waste — so-called mixed municipal waste (MMW - with waste
code 20 03 01 according to European List of Waste and Czech legisla-
tion). MMW offers the highest potential to increase the separation of
individual fractions of waste. Besides, newly separated fractions are
being introduced - an example can be textiles, which will be
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E-mail address: Vlastimir.Nevrly@vutbr.cz (V. Nevrly).
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The composition of waste, together with its overall production, is the
input to several computational tools (Saner et al., 2011). The production
of plastic waste and its recycling is important in direction to sustain-
ability (Johansen et al., 2022). E-waste generation and estimation of
future trends should be linked to the composition of MMW (Islam and
Huda, 2019). Vakalis et al. (2017) identified the household biowaste as
important source of energy. Organic fraction of MSW and its utilization
was studied also by Montejo et al. (2015), while the contamination of
inputs was the most occurring problem. The potential of all materials in
the MMW should be examined. The study (Gentil et al., 2009) showed
significant differences in global warming factors between EU member
states. The reason is, in addition to waste processing technology, also the
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different composition of waste.

This article is based on the assignment of the Ministry of the Envi-
ronment of the Czech Republic, which aimed to establish procedures
(methodology) for a long-term investigation of MMW composition for
planning and reporting.

With a larger area, a random selection of bins appears too costly and
organizationally complex. Stratification and search for representative
locations should be applied. Besides, a suitable representation of each
stratum achieves higher accuracy of the results.

Some papers present local results as a generalization to larger terri-
torial units without substantiated statistical and waste-related proced-
ures. The solution can be a quality evaluation of the characteristics of the
studied areas that have a significant impact on the quantity and
composition of waste — household size, education, employment, age
structure (Xu et al., 2016) in China, dwelling type and housing, de-
mographic division (Al-Subu et al., 2019) in Palestine, population den-
sity, hydrographic area (Prades et al., 2015) in Spain, or other
socio-economic and demographic factors (Davidaviciene et al., 2012) in
Lithuania.

The motivation for research in the field of waste composition is based
on insufficient knowledge and procedures in the Czech Republic. The
methodology towards effective stratification of the country and proposal
of locations to start long-term studies on waste composition (represen-
tatives) was missing. The results from representative locations, when
properly weighted, can be used to get an average MMW composition in
the country. The interconnectedness of the environmental and economic
areas is evident in waste production, recycling, and the saving of pri-
mary raw materials. This article aims to provide an approach to waste
composition analysis planning to enable the identification of potential
for increased separation and recycling.

The presented paper will address existing approaches to territorial
stratification first (Literature review). The research challenges and
missing features of existing methods will be summarised, which will also
justify the novelty and benefits of the newly proposed approach. The
approach, which is described in detail in Stratification method, represents
a new method for area distribution into different groups in terms of
production and composition of waste based on crucial influencing fac-
tors. Its use is then demonstrated in Results in a case study for the Czech
Republic. The results serve the ministries to compile a waste manage-
ment plan with a link to legislative developments in the EU and set
targets. The methodology is generally applicable to any country or
region.

2. Literature review

In the past, several publications have addressed methods for
analyzing the composition of waste. These publications were summar-
ised by the review paper (Dahlén and Lagerkvist, 2008), primarily
focused on residual household waste (referred to as MMW following
official terminology). The most crucial choices in household waste
composition studies were defined as follows:

to divide the investigation into relevant numbers and types of strata,

e to decide the required sample size and number of samples,

e to choose the sampling location, i.e., sampling at the household level
or sampling from loads of waste collection vehicles,

e to choose the type and number of waste component categories to be

investigated.

As Staley and Barlaz (2009) pointed out, the correct definition of
waste fractions is crucial. There were compared 11 state-wide studies on
waste composition analysis (WCA). The conclusion is that in-
consistencies in the indications of waste fractions and their definitions
are the primary differences. However, sampling methodologies were
consistent with the recommended protocol.

Sahimaa et al. (2015) compared 19 studies made in one country —
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Finland. Three potential methods for sampling in household waste
composition studies were specified:

e sampling from waste collection trucks, which have collected waste
from normal collection routes,

e sampling from waste collection trucks, which have collected waste
according to stratification,

e a sampling at the household level with separate sorting of each
household’s waste.

2.1. Waste composition analysis

The research confirmed that the study methods varied between in-
dividual studies, which worsens the interpretation and comparison of
the results.

Previous review studies repeatedly mentioned the crucial choice of
the sampling method. Most methodologies for WCA studies dealt with
the description of the method. However, more factors also have a
decisive impact on WCA. Much more decisions influence its credibility.
The connection and continuity in individual decisions and activities are
shown in Fig. 1.

The articles focusing on the composition of MMW (or other fractions
of MSW) are listed in the overview tables. The issue of estimating the
composition wastes can be divided into several tasks, see Fig. 1.

The first question (task 1) is to find suitable places where studies
should be carried out. Concerning the level of detail, it is necessary to
select such municipalities that reliably describe the entire area under
investigation. Similarities are sought here in the form of social, eco-
nomic, demographic, and other factors. Stratification and search for
representative locations should be applied to large areas. Otherwise,
only the method of a random selection of bins could be used based on
some division into similar groups. With a larger area, this approach is
already too costly and organizationally complex. Besides, a suitable
representation of each stratum achieves greater accuracy of the results.
Task 2 deals with the selection of waste streams to be considered in the
analysis. Due to the geographical location, the definition of waste frac-
tions may differ slightly. The important point is to establish procedures
in accordance with statistical methods (task 3).

The second level includes the selection of individual collection sites
(points, bins/containers) where waste analyzes can be performed (task
6). A specific city can be divided based on some factors into groups in
which bins will be selected. It is also necessary to choose the frequency
of analyzes, both within a week (based on the frequency of collection of
the given collection point) and within the whole year, concerning the
seasonality of the occurrence of some fractions. It is also possible to
repeat the analyzes until the specified accuracy (absolute or relative) is
achieved. The variable waste quantity in the analyzes must be consid-
ered in this step. The crucial part is the methodology for the analysis of
the waste composition (task 5), which can vary highly. There are several
standardized methods (SWA-Tool, 2004) or (Zero Waste Scotland,
2015), which are defined by the relevant directives. An important part is
the processing of results for collection points. The results of individual
analyzes often differ significantly. The application of appropriate sta-
tistical methods can determine the accuracy and precision of the results.
Task 7 deals with the aggregation of the result for the whole munici-
pality. The last part of the WCA topic (task 8) should propose a method
for the generalization of the results using the original division into
groups or clusters.

The focus of this paper is highlighted in red. It is necessary to have a
complex view because stratification can be adjusted dynamically based
on the results obtained, financial resources or additional objectives of
the overall analysis.

In the first phase, the studied contributions were classified according
to the tasks in Fig. 1. It was monitored which areas of WCA were studied
and to what extent. The numbering in this figure corresponds to the
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Which municipalities?

Are the results reliable?

How to summarize the results?

Clustering and Aggregation of
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Which types of waste? How to analyse? How to generalize aggregated data?
Waste Aggregation of
Waste . EEres
. Composition Results —
Fractions ) .
I Analysis Region/State
How to proceed? Where and when to analyse?
Statistical Collection
Method Sites
1. level 2. level 3. level

Fig. 1. Block scheme of WCA

tasks.

notation in Table 1. The solution scope of these areas is classified into
four levels (no, low, middle and high). Each level of solution detail (LSD)
is also quantified by a value ranging from O to 3.

According to Table 1, publications are in most cases devoted to the
description of the analysis methodology, i.e., how the sorting of waste
into the required fractions is performed. 19 publications out of 20
addressed the issue of analysis methodology. In some cases, the meth-
odology is described in detail at a high level. Furthermore, the issue of
the selection of the waste fractions (16 publications out of 20) and the
selection of collection sites (13 publications out of 20) is relatively
frequent. This publishing intensity and importance is evaluated by
Publishing Importance Score (PIS) based on LSD of analyzed papers.
Some areas of WCA, defined in Fig. 1, are addressed rather exception-
ally. Table 1 defines areas that provide a gap for further development,
and their elaboration in previous publications seems to be insufficient.
Specifically, these are Clustering and Stratification of Areas (PIS 13),
Statistical Method (PIS 4), Accuracy and Precision (PIS 12), the

Aggregation of Results for Municipalities (PIS 9), and Region/State (PIS
6). When selecting municipalities and specific collection sites for anal-
ysis, it is desirable to select such samples for analysis so that they have
the highest possible informative value from the point of view of the
entire territory.

Table 2 further discusses approaches to territorial stratification as
one of the under-published topics with very low PIS. The territory dis-
tribution is most often carried out at the level of the city or region. The
specific selection of areas for analysis then uses random selection or is
defined by the analysis staff themselves. The factors considered in the
selection differ significantly. In aggregate form, across all studies, they
can provide a good basis for examining the effect on the composition of
waste. The level of analyzes also differs significantly, with some studies
using standardized procedures (stated in mentioned review papers)
defined in the methodology. In some areas, waste is divided into mul-
tiple categories based on the objective of the study or local conditions.

Standards include the method of waste sorting, the size of sieves for

Table 1

The summary of articles and their level of solution detail.
Articles\Tasks 1 2 3 4 5 6 7 8
Abu Qdais et al. (1997) low middle no low low low no no
Abylkhani et al. (2020) no low no no high no no no
Bernache-Pérez et al., 2001 low middle middle no middle low no no
Bolaane and Ali (2004) no no no middle low low no no
Cheniti et al. (2013) low low middle no low no no no
Chung and Poon (2001) low middle no no low middle middle no
Dangi et al. (2011), 2013 no no no no low middle no no
Edjabou et al. (2015) no no no no high low low no
Gente et al. (2007) no low no no low no no no
Gidarakos et al. (2006) low low no no middle low no low
Guérin et al. (2018) middle middle no low middle middle no low
Heikkinen and Spliethoff (2003) no middle no low middle no no no
Ibikunle et al. (2020) low middle no no low low no no
Lebersorger and Schneider (2011) low high no middle middle middle low middle
Liikanen et al. (2016) no high no low middle low low no
Miezah et al. (2015) middle high no low high middle middle middle
Petersen et al. (2005) no no no no middle no no no
Roberts et al. (2010) low middle no low low middle low no
Thitame et al. (2010) no middle no no no no low no
Zeng et al. (2005) low low no middle low no no no
Publishing Importance Score (PIS) 13 30 4 12 32 19 9 6
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Table 2
Review of literature — focus on stratification.
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Country Stratification and Clustering Waste Fractions
Variables/Factors Method  Territory Method
Level
Abu Qdais et al., 1997 United Arab socio-economic expert city expert (6)
Emirates
Abylkhani et al. (2020) Kazakhstan no no N/A expert (12)
Bernache-Pérez et al., 2001 Mexico proportion of population random  region Mexican Standard
NMX-AA-022-1985 (53)
Bolaane and Ali (2004) Botswana income expert city expert (7)
Cheniti et al. (2013) Algeria type of habitat, season expert city expert (11)
Chung and Poon (2001) China demographic-district, season expert city expert (19)
Dangi et al. (2011), 2013 Nepal geographic location no N/A expert (10)
Edjabou et al. (2015) Denmark no no N/A expert:
Level I (10)
Level II (36)
Level III (56)
Gente et al. (2007) Italy no no N/A expert
Gidarakos et al. (2006) Greece population, tourism-hotel beds expert region expert (9)
Guérin et al. (2018) Canada season, rural/urban area, sectors (close municipalities/ random  region expert:
areas) Level I (9)
Level III (39)
Heikkinen and Spliethoff Netherlands no random  city expert (6)
(2003)
Ibikunle et al. (2020) Nigeria dry and wet season random  city expert (19)
Lebersorger and Schneider Austria settlement structure, house type, availability of bin random  region Osterreichisches Normungsinstitut
(2011) (2005)
Liikanen et al. (2016) Finland no random  city expert:
Level I (11)
Level II (27)
Level III (38)
Miezah et al. (2015) Ghana area — regions, socio-economic areas geographic random  state ASTM D5231-92
(coastal, forest, savanna)
Petersen et al. (2005) Sweden no no N/A expert (12)
Roberts et al. (2010) Nigeria population density, Income levels, dwelling type, season  expert city expert (14)

Thitame et al. (2010) India no
Zeng et al. (2005) Columbia season, geographic location

expert city
expert region

expert (15)
expert (6)

Note: Description in the column Method — “Expert” indicates the expert determination of fractions, the value in brackets “(x)” indicates the number of fractions.

treatment of the fine fraction, the methodology of weighing, and other
procedures of the process. However, the stratification of the population/
municipalities is not provided in sufficient detail. It is defined only at the
municipal or regional level. SWA-Tool (2004) has been proposed by the
European Commission. It standardizes methodology for the analysis of
solid waste at a local and regional level. SWA-Tool addresses all aspects
of waste characterization — pre-investigation, stratification of popula-
tion, analysis design and planning, sampling, and necessary conditions.
The most recent paper on stratification focused on multi-representative
selection (Sramkova et al., 2021). Each stratum should have some
properties to allow a good statistical evaluation of the results, especially
at aggregated levels. This crucial shortcoming is nowhere adequately
addressed. The main development opportunity for further research is the
definition of important factors influencing the waste composition and
the distribution of large area into similar groups. Besides, very limited
space is devoted to this issue. The specific contribution and novelty of
the paper is described in the following section.

The method for stratification of the territory is used to analyze the
current situation. It is influenced by actual socio-economic and envi-
ronmental circumstances. Therefore, these factors must be considered
when grouping territories into disjoint sets. The production of MMW,
central heating connection, separation/recycling of municipal waste
components (paper, plastic, glass, bio-waste, etc.) can be classified as
environmental variables but also others are required for proper strati-
fication process.

2.2. Contribution and scope of the paper

Given the complexity of WCA - both time and economic - it is
necessary to use sophisticated statistical methods in a comprehensive

analysis. Only a limited number of analyzes can be performed, so a key
element of the analysis is the appropriate stratification of the area.
Existing articles focus mainly on local or regional WCA studies, where
only the selection of specific collection sites/households and frequency
is decided by socio-economic or demographic parameters. However,
some deeper statistical justification is often missing, and decisions are
made by expert opinion. Distribution of the larger territory into similar
sub-areas is necessary. A local focus in sub-areas is important to describe
the more aggregated area. Representative municipalities can be used to
represent large strata. The approaches presented so far do not have a
consistent procedure for selecting representatives. At the same time,
they are defined only for small areas and cannot be applied nationwide.

Waste composition analysis is rarely performed at the regional or
national level. The choice of representative is random or does not
consider the size of the territory at all, which is statistically wrong. It
also has a huge impact on the efficient use of financial resources. The
results from reviewed studies do not provide so much information for
further environmental management — potential for separation and
recycling, saving of raw materials, evaluation and fulfillment of EU
goals.

The scheme in Fig. 1 is very extensive and includes several important
steps for the overall evaluation. This article will primarily deal with
block 1 — Clustering and Stratification of Areas. The main benefit of this
article is a new approach to clustering large areas for estimation of waste
composition. Its main advantages, which the alternatives mentioned in
the review do not offer, meet and ensure:

e multistep stratification enabling assessment of arbitrary size of the
area,
o the similarity in terms of waste production quantities,
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the similarity in terms of significant socio-economic and de-
mographic factors,

a similar size of individual strata, which are convenient for subse-
quent statistical evaluation,

the selection of cluster representatives (potentially alternative rep-
resentatives, which can be used when the first selected cannot
cooperate),

potential expanding the number of clusters due to statistical results
and new financial sources,

target changes for analysis — input for decision-makers in waste
management.

Secondary contribution lies also in a case study for the Czech Re-
public, where the approach is verified, and the results are useable for
further research in this area. Field works (data collection through
sampling of waste for evaluation of WCA studies) for securing specific
results in selected municipalities will follow based on this method. The
presented method is general and applicable to any region. The method
also recommends how to preprocess data, where outliers and extreme
values are identified, noise effects are filtered, and the data are
normalized.

3. Stratification method

Let us assume that due to the limited resources (financial and other),
it is not possible to investigate the area uniformly (randomly select bins
from all the municipalities). The solution is to prefer a limited number of
municipalities/sub-areas (e.g., 10, 20, or 40). These municipalities
(representatives in the sequel) are chosen to represent the composition
of the whole country (region or municipality where the WCA study was
not performed), which consists of thousands of municipalities. The
number of inspected waste bins is also limited. This section describes a
multi-level stratification that can help the researcher to get a reasonable
estimate of the waste composition aggregated for the whole territory,
see Fig. 2 for the whole stratification method. A stratum usually refers to
the subset of the population/area which is being sampled. Since there
will be adopted a multi-level approach, where strata on different levels
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are proposed, the cluster will be used for the second level. Term area/
territory states for some geographical area. The study is done for this
area, where the average waste composition is the result. The method
described can be used in general for any fraction of MSW in which the
estimate of composition is desired. The method will be described and
subsequently shown for the case of estimating the composition of MMW.

3.1. Choice of municipalities — representatives

Information about the size of a given municipality/stratum is
required for further steps. This size should ideally reflect the total
amount of MMW produced in this municipality/stratum (the amount of
MMW can serve as a good measure). Note that although the information
about the total amount of MMW in a period of interest will not be
typically available, one can use as a proxy the information from the
previous periods or the number of inhabitants living in the given mu-
nicipality. It is suggested that the choice of municipalities is performed
through the two-level stratification.

3.1.1. Primary stratification
In the first level (primary stratification), several primary strata (of
municipalities) are created in such a way that:

e the strata are of a similar size (measured by the total amount of
MMW produced in the given stratum),

e the municipalities in the given strata are of a similar size (measured
by the total amount of MMW produced in this municipality),

e each municipality belongs to exactly one stratum.

If a municipality covers a large percentage of total MMW production
(assuming 10% or more), it is recommended to treat it as a separate
stratum/representative. On the other hand, excluding the smallest mu-
nicipalities (up to 2.5% of MMW production in total) and municipalities
with extreme characteristics from the total set of municipalities for
stratification is recommended. The reason is that for smaller munici-
palities, the composition of MMW is more variable. It is assumed that the
decrease of the variability of our final estimate gained by excluding

PRIMARY | |

SECONDARY |

Distribution of
representatives
among strata

Stratification of

all municipalities
Municipality and
outlier reduction

steps

Stratum 1

Setting the value of N,

which is the number of

selected municipalities
(representatives for WCA)

Stratum 2

Stratum L
Notation:

WCA — Waste composition analysis

Clustering
according to
socio-economic
and statistical

parameters

Result

Representative
selection

i in order to select specific
i bins for studies on waste
| _composition analysis

L - Suggested number of strata
77 — Number of representatives in stratum j
C; = Cluster

Must hold

N=T1+r2+---+TL

R; —Representative of cluster C;

Fig. 2. The scheme of multi-level stratification and selection of representatives.
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those small municipalities will outweigh the small potential systematic
bias caused by that exclusion. The limit of 2.5% was chosen so that even
if these excluded municipalities had a five times larger share of the waste
component than in the remaining municipalities (or even did not have
this waste component at all), this would only lead to a 10% relative bias.
However, the limit of 2.5% can be adjusted according to the re-
quirements. In practice, this value can be set with respect to the distri-
bution of the size of municipalities. The number of strata (L) depends on
the number of representative municipalities (say N) for which one has
the resources to analyze the composition of MMW. In general, L is lower
than N. One extreme would be to use N strata (N = L), but that would
rather limit the incorporation of other important socio-economic and
demographic parameters. The opposite extreme would be to do no pri-
mary stratification. It is recommended to be somewhere in the middle
between these two extremes so that the number of municipalities
analyzed in each stratum is at least 2.

The idea is to make strata so that the total production of MMW per
given stratum is approximately the same and in the given strata were
similarly large producers of MMW. The number of strata for the indi-
vidual scenarios (corresponding to the total number of representatives)
is then designed to divide the municipalities into more homogeneous
groups according to size. The secondary strata will be created using
additional variables.

The primary stratification is then performed according to these steps.

1. Set L as the desired number of strata.

2. Rank the municipalities according to the total MMW production (e.
g., descending).

3. Calculate the cumulative total production of MMW and find the
appropriate divisions so that the given stratum produces approxi-
mately 100/L% of MMW.

Regarding the number of representatives selected in the individual
strata, it is generally recommended to select more representatives in
strata with smaller municipalities.

The reason is that it can be expected that in smaller municipalities,
the share of a given type of unsorted waste will be more variable. For
larger municipalities, this share will stabilize averaging over a larger
population. The proposed numbers of representatives are then based on
considerations of the variance of estimated ratios in individual strata.
After neglecting the variability resulting from the fact that in the
selected municipality, only a given number of waste bins is investigated,
the approximate variance of the aggregated estimator is given by

L 2

V(ng,...,n) = wag—l (€D)]

=1

where n; is the number of representatives in [-th stratum and w is the

2
waste share of [-th stratum and % is the expected variance of the ratio

estimate in the l-th stratum. The crucial quantity in this variance is 62

which measures the variability of the composition of MMW and is given
by
1

F=——> (Y,—RT)’ 2
1 T,ZN//ZU:,( J 1 ./)

where N is the number of municipalities in the I-th stratum, T; is the
average size of the municipality in the I-th stratum, U; is the list of
municipalities belonging to the I-th stratum, Y; is the total waste pro-
duction of a specific fraction in a given municipality, T; is the total
production of MMW in the given municipality. Finally, R; is the pro-
portion of the waste fraction in the I-th stratum given by

_ ZjeU,Yi

R, = 3
>euTi
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Since Y; is unknown, a quantity that can be hoped to have a similar
distribution between municipalities could be used. The number of rep-
resentatives proposed then represents a compromise, where the sepa-
rately collected amount of paper, plastic, glass and biowaste are
gradually used in individual municipalities (from the previous year).
Since the strata are chosen so that w; =---=wy, the function V(ny,...,n;)
is minimized when the ranges of n; are proportional to ¢, (i.e., the square
root of ¢?).

3.1.2. Secondary stratification

The idea of the second level (secondary) stratification is to create
smaller secondary strata (within primary strata) of municipalities that
are similar in terms of significant socio-economic, environmental, and
demographic factors. Each primary stratum is thus divided into several
disjoint subsets of municipalities, while the cluster analysis approach is
recommended. Strata created in this way are further also called Clusters.
Similarly, as for the primary analysis, the goal is to create clusters of
similar size (in terms of the total amount of MMW produced in the given
stratum). The chosen representatives are municipalities that can be
considered as the centers (with respect to a given metric) of the clusters.
The task is then to select a typical/average representative.

Variables f € F presented in case study in Table 3 were selected to
define the difference (distance) between municipalities in the Czech
Republic. There are some general requirements on data to apply the
stratification:

e The consistency in reporting — e.g., each waste quantity related
variable must be obtained in the same way - the process of data
collection.

o The availability of data on the selected territorial level — all variables
must have a value - e.g., if one would want the variable to be gross
domestic product, it is available only on the state or regional level so
it cannot be used to describe similarity of municipalities.

Table 3
Variables for quantifying the similarity of municipalities.
Variable Unit Weight Transformation
wp)

Population 100 None

MMW production kg/cap 100 None

The population density in the cap/ha 65.2 log x
built-up area

The population density in the  cap/ha 35.5 log x
whole area of municipality

The average population per 66.3 log x
address point

Share of occupied dwellings % 51.1 None
in family houses from total

Commuting to work into the cap/thous. of 44.4 log(x + 1)
municipality population

Commuting for work outside cap/thous. of 35.4 None
the municipality population

The total number of collective  cap/thous. of 44.5 log(x + 1)
accommodation population
establishments

The number of unoccupied cap/thous. of 33.7 log(x + 1)
dwellings used for population
recreation

Central heating connection number of flats/ 58.8 None

thous. of
population

Production of separately kg/cap 65.7 None
collected plastic waste

Production of separately kg/cap 68.6 None
collected paper waste

Production of separately kg/cap 63.2 None
collected glass waste

Production of separately kg/cap 69.5 None

collected bio-waste




R. Sompldk et al.

Population and MMW production are also used as a factor in sec-
ondary stratification to form clusters with similar sizes of municipalities
(municipalities within strata are still highly variable in terms of popu-
lation and MMW production). In general, any influential parameter can
be used in the approach (these can inspire other researchers). The table
also shows the weight (W) of each variable f (expertly determined) and
whether the variable was logarithmically transformed. The logarithmic
transformation helps to measure variables whose distributions are
skewed or if relative rather than absolute changes of the quantities are
significant. If the variable may contain zero values, the transformation
log(x +1) was used. Finally (after a possible transformation), the values
of all variables were standardized as follows

x — MIN

=2 4
MAX — MIN “)

1(x)
where x is the value and MIN (MAX) denotes the minimum (resp.
maximum) of a given variable from considered municipalities.

The function that measures the difference between municipality i
and municipality j will be denoted d;; (i.e., the distance in the values of
selected variables). The weighted sum of the absolute value of the dif-
ferences in variables between the two municipalities was used as dis-
tance in Eq (5), where x; denotes the standardized value of variable f
for municipality i.

dij =y Wylxiy — x| ®)
feF
The number of selected representatives from a given stratum is
denoted by K. It is recommended to perform a cluster analysis for each
stratum. The prescribed number of clusters (secondary strata) would be
K. The cluster analysis should be performed so that clusters have a very
similar size in terms of the total MMW production of all municipalities in
each cluster. Suppose first that the required number of clustersis K = 2.
Then, in the first step, the division into two clusters is performed to
minimize the total weighted distance inside the clusters, where the
weights are proportional to le (N is the number of municipalities in the
cluster). This corresponds to the solution of the following optimization
problem:

K 1 N

minD = —
N B

k=1

N
Z Iid;d; (6)
=

=~

i=1

where I;; are binary variables that take values 1 only when i-th mu-
nicipality is in the cluster k.

The average distance d; of municipality i from other municipalities in
the cluster will be used to suggest the representative. The municipality
with the smallest value will suit as the best candidate for representative.
In practice, when WCA cannot be performed in the selected munici-
pality, the next candidate from the ordered list (ascending) will be used.

Clusters are created by k-means algorithm. The resulting distribution
of municipalities into clusters typically does not meet the requirement
for the same cluster size (measured by the sum of the MMW in the
cluster). The individual municipalities are gradually moved from a
larger cluster to a smaller one in the next step. Specifically, only one
municipality is always selected and moved in such a way that the
objective function value in Eq (6) increases the least. The moving pro-
cedure is repeated until the condition on the size of clusters is met.
Although these shifts may cause a change in the representative, they will
guarantee that the representative will be sufficiently informative, i.e., it
will represent a sufficiently large cluster. Otherwise, there would be a
risk that some representatives would represent only a very narrow and
specific circle of municipalities, which in the end would lead to worse
estimates of the proportions of individual waste fractions in a given
stratum.

A suitable tolerance level is determined since it is practically
impossible to achieve the same cluster size. The tolerance level was set
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to 20%. This means that a larger cluster can have a maximum of 20%
more total MMW production than it should ideally have (half the total
amount of MMW at a stratum). In other words, the maximum ratio of
total MMW production in clusters is 60:40. This is a heuristic procedure
that could be modified in various ways, e.g., it would be possible to
move municipalities not according to the increase of D, but according to
the ratio of this increase and total MMW production of the municipality,
and thus does not guarantee ideal clustering under cluster size condi-
tions. However, any differences will typically be only in the munici-
palities on the border of the clusters, which are not candidates for
representatives, because they will have a very high d;.

In the case of K > 2, the municipalities are first divided into two
clusters and then divided into smaller parts until the required number of
clusters K is obtained. Compared to the classical use of the k-means al-
gorithm, this modification is advantageous for two reasons:

(i) for a larger number of municipalities, it is much easier to achieve
convergence of this algorithm into an optimal solution for two
clusters than for more clusters;

(i) it allows to better monitor and to achieve the desired size of in-
dividual clusters.

If, for example, K = 6, the municipalities are first divided into two
approximately identical clusters according to the above procedure
(measured by the total amount of MMW in a given cluster). Then, each
of them is divided into two parts in a ratio of approximately 2:1. And
finally, the larger part is divided into two almost equal parts. In total, the
required 6 clusters are obtained. The only thing that needs to be changed
now compared to the procedure for K = 2 is the tolerance level.

For K clusters, x = log 5 K is a division level (maximal number of
divisions needed to cluster any municipality), where x denotes the upper
integer part of the number x. So, the tolerance level at each division
must be (v/1.2 — 1)-100%, overall, the size of each cluster differs from
the ideal size by at most 20%. E.g., for K = 6 the tolerance level for each
division will be approximately 6%.

3.2. Choice of waste bins (in a given municipality) — tertiary stratification

Once the representatives are chosen, the choice of waste bins is in
place. For each of these municipalities, there are restricted resources
that enable analyzing only a limited number of waste bins. Some of the
standardized methods from the review can be used for this purpose, e.g.,
SWA-Tool (2004).

To choose those bins, one can also use similar principles as on the
national level. First, it might be reasonable to divide the municipality
within several strata that contain similar types of households (e.g., the
area with a block of flats, the area with family houses). The number of
waste bins analyzed in a given stratum should be proportional to the
amount of MMW produced in that stratum. If no historical data are
available, the number of people living there can be used (or the total
capacity of waste bins in that stratum). Next, one should be careful also
about the time factor. It is advisable to perform WCA studies uniformly
in time to prevent seasonal effects. For example, WCA studies can be
distributed into heating and non-heating season.

4. Case introducing method in the Czech Republic

The method was applied in the Czech Republic, which has 6258
municipalities and approximately 10.7 million inhabitants. In terms of
waste production, Prague (capital city) is responsible for more than 10%
of MMW, which resulted in considering it as a separate stratum/repre-
sentative. First, all municipalities were ranked according to the total
waste production. The smallest producers will be excluded as long as the
total MMW production (for all excluded ones) is less than 2.5% of the
nationwide MMW production.
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The total number of considered municipalities will be reduced to
3950. On the other hand, it is believed that this potential error will be
more than offset by improving the accuracy of the estimate for the
remaining (non-excluded) municipalities. Besides, those municipalities
that have an average annual production of MMW per capita of more than
1000 kg are stated as extreme and will be excluded (the final number of
considered municipalities will be 3816).

Municipalities excluded in the above manner will not be considered
as representatives. However, when constructing the overall estimate of
waste composition for the Czech Republic, they will be considered by
increasing the weight of the corresponding strata (strata to which they
belong if they were not eliminated). As small municipalities are
excluded from the list of representatives, the weight increase will be
seen at the stratum with the smallest municipalities.

For the mentioned three scenarios for the total number of repre-
sentatives, the results are the following (number of representatives are
ranked from the stratum with the largest waste producers):

¢ 10 representatives — suggested 3 primary strata. The number of
representatives in the individual strata would be 2, 3, and 4.

e 20 representatives — suggested 5 primary strata. The number of
representatives in the individual strata would be 2, 2, 4, 5, and 6.

e 40 representatives — suggested 6 primary strata. The number of
representatives in the individual strata would be 3, 4, 6, 7, 9, and 10.

The last representative in each scenario is Prague, the capital with
approx. 10% of the population.

From now on, the approach will be presented for the case of 10
representatives. Following the steps from Primary stratification, for L =
3, the stratum formation is illustrated in Table 4. The municipalities
were ordered according to MMW production, and then based on cu-
mulative production of MMW, the primary strata are designed. To create
clusters, the k-means function in the MatLab program was used, which
also allows the selection of distance or repeated performance of noise
analysis from various initial solutions. The selected variables for clus-
tering are defined in Table 3. The list of variables in Table 3 is signifi-
cantly limited by the availability of data at the municipal level.

The significance of the factors depends on the geographical location

Table 4
Primary and secondary stratification — illustration of municipality distribution.

Municipality Cumulative Stratum, Distance in the
production of MMW Cluster cluster (d;)
[%]
Brno 3.95 S1,C1 0.123
Ostrava 6.92 S1,C1 0.096
Plzen 8.51 S1,C1 0.068
Liberec 9.66 S1,C1 0.066
Usti nad Labem 10.73 s1, C1 0.049
Olomouc 11.68 S1,C1 0.057
Most 16.74 S1,C1 0.068
Opava 17.49 S1, C2 0.049
Zlin 18.20 S1, C2 0.055
Teplice 18.81 S1,C1 0.058
Sokolov 31.34 S1, C1 0.068
Bohumin 31.58 S1, C2 0.046
Sumperk 31.82 S1, C2 0.046
Krnov 32.05 S1, C2 0.041
Brandys nad Labem- 32.29 S1, C2 0.071
Stara Boleslav
Pisek 32.53 S1, C2 0.052
Strakonice 32.76 S1, C2 0.047
Neratovice 33.00 S1, C2 0.062
Zdar nad Sazavou 33.22 S1, C2 0.044
Jindfichiv Hradec 33.45 S2, C4 0.055

Note: Representatives are highlighted in bold.
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(there is a different historical context in each country or territory, which
overlaps with the composition of the waste itself). Variables were rec-
ommended by an expert team (based on the Czech-related data). The
distance was calculated according to Eqs (5) and 1,000 iterations were
run with evenly chosen initial solutions. This procedure with regards to
steps in Secondary stratification forms clusters in each stratum. Finally,
the representatives are chosen according to the lowest distance d; from
other municipalities in each cluster (see Table 4). The table is illustrative
to understand the process (complete results for all municipalities are
attached as supplementary material in the worksheet). Since the mu-
nicipalities are ordered in descending MMW production, the classifica-
tion into clusters is not sequential.

The distribution of municipalities of the Czech Republic is visualized
in Fig. 3. A red border highlights the representative of each cluster. The
last representative is Prague, denoted as C10. It can be observed that the
division of municipalities into clusters does not depend on their
geographical location, but they are spread over the whole area. Their
classification is determined mainly by the size and other characteristics
presented in Secondary stratification. For example, the first cluster (C1)
includes mostly regional cities. Municipalities that have been excluded
based on the procedure in Primary stratification are marked in white.
These are mainly small municipalities and municipalities where an
extreme value of MMW production has been identified (errors reported
to the central waste management system). Fig. 4 shows one specific
cluster (C6) separately. There can be seen a large concentration of mu-
nicipalities in the southeast of the Czech Republic and then in the
Central Bohemian Region, which surrounds the capital city of Prague.
Geographical concentration was not assumed as a variable, but it
resulted from similar historical context and socio-economic factors.

In each municipality selected as a representative, tertiary stratifica-
tion will be performed at the level of individual bins according to the
types of dwellings or type of area (industrial, tourist, residential, etc.)
and other available data defining the diversity within the municipality.
The individual bins are then proportionally selected from each area at
random.

4.1. Discussion on the financial resources

Within the primary stratum, it is recommended to distribute funds
among individual representatives according to their size. Regarding the
number of inspected waste bins, it is recommended that the total
number of inspected waste bins is approximately the same in each pri-
mary stratum. It would certainly not be wise to spend as much on a
sample survey in Prague as on a survey in a municipality with hundreds
or thousands of inhabitants. Therefore, the funds spent on the entire
primary stratum should rather be equal.

After the planned waste analyzes are completed, some remaining
funds may still be available. In this case, it is possible to add x additional
representatives to refine the overall estimate of the waste composition.
In this case, however, it depends on the scenario used and the current
situation.

The general principles are as follows:

1. If there is already data useable to estimate the variances of ratio
estimates for individual strata, then representatives are added to the
strata with the greatest estimated variance. If there are already K
representatives in a given stratum, then x representatives are added
so that x < K. In such a case, these x representatives are selected by
creating new x clusters analogously as in Secondary stratification.

2. Alternatively, the analyzed representatives will be fixed in the
calculation of representatives, and the procedure will select addi-
tional new ones in the best possible way. The approach presented by
Sramkova et al. (2021) can be used.

Sometimes it may happen that the chosen municipality will not want
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to cooperate with the WCA. In such a case, the second most suitable
municipality is chosen as representative. In addition to the willingness of
the municipality to cooperate, it is also possible to consider the appro-
priate spatial distribution of municipalities in the Czech Republic. The
following text creates an insight into the WCA’s economy. The distri-
bution is performed based on available funds while maintaining the
greatest possible accuracy of the results.

The study duration varies according to the type of bin and the
properties of the waste. One analysis takes a few of hours for two-to-
four-member team, which highly affects costs. Costs are also increased
by transport and waste handling.

The cost assessment for obtaining an estimate of the MMW compo-
sition with the required accuracy for each fraction is based on param-
eters from the SWA-Tool (2004). The assumptions for cost calculation
are as follows:

e the required accuracy (confidence interval width) is 20%; variability
in the data is expected to be around 30% (given by the coefficient of
variation) for the more variable components of the MMW; the sig-
nificance level was set to 95%.

e According to the SWA tool, at least 9 samples must be performed for
each representative municipality.

o Seasonality effect will be captured by division into heating and non-
heating season. This increases the total number of samples in the
municipality to 18 samples.

o Different number of dwelling types (sites with block of flats, resi-
dential areas, family houses) are considered for individual repre-
sentatives, so the representatives are further divided into smaller
parts.

e A sample of 1100 L is assumed everywhere (in the case of smaller
bins (e.g., 240 L) more bins are combined).

The number of dwelling types is distributed to representatives as
follows: in Prague (the tourist area of the city is added) — together four
types, in Stratum 1 — three types, in Stratum 2 — two types and only one
type in Stratum 3. In total, there will be performed 360 samples.

The cost estimate for the analysis of one sample assumes 4 working
samplers and the length of analyzes approx. 4 h. The input costs for
materials and measuring technology are not considered. Furthermore,
the cooperation of the collection company and the availability of dedi-
cated space for analyzes are assumed. The estimated cost is 200 euros
per analysis. For the whole country, the cost for all samples is estimated
at 72,000 euros.

The reliable estimate for the whole country helps to set feasible
environmental goals and direct waste management to sustainability.
Knowledge of waste composition makes possible to plan a suitably
complex processing infrastructure (transfer stations, sorting lines,
Waste-to-Energy plants, etc.). Furthermore, it is possible to have
reasonable goals for individual regions and monitor changes after
implementation of promotional recycling strategies. The budget is usu-
ally limited and needs to be used as efficiently as possible — to obtain
quality waste composition estimates for a minimum number of analyzes,
which is the main benefit of this paper.

4.2. Discussion on the environmental policy and waste management

The primary goal of the presented method is to obtain an estimate of
the waste composition. This cannot be achieved without good stratifi-
cation in the case of limited resources, see section 4.1. Once a good
estimate of the composition of municipal waste is obtained, steps related
to environmental policy and evaluation can be taken. The outputs can
then be used for the following points, and without quality stratification,
the results in these areas will be greatly reduced.

1. Determination of real separation rate in areas of interest (region or
municipality) for different types of waste.
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2. Identification of material quantities for recycling — with regard to the
selected level of detail of the waste categories (see last column of
Table 2), the maximum potential can be estimated. With this
knowledge, appropriate interventions in the form of information
campaigns or changes to the collection system can be applied. It will
also be possible to evaluate both the current and potential situation
with regard to the set environmental objectives in the Circular
economy package (Directive (EU) 2018/851, Directive (EU)
2018/852).

3. In order to meet some goals, it is necessary to significantly increase
the recycling of essential types of waste — food waste, plastic, paper,
metal. For example, food waste has been the subject of many studies
in recent years. However, in obtaining information, other factions of
waste are neglected, and the results are not meaningful in a broader
context. Moreover, these studies are often of a local nature and
without proper origin-like stratification.

4. Calculation and assessment of the possibility of saving primary re-
sources/materials.

5. Determining the potentials of further unusable components from
MSW or MMW for energy recovery in case of unsuitability for ma-
terial recovery. Lower heating value and components of waste
(heavy metals) have a strong connection to flue gas cleaning tech-
nology in these facilities.

4.3. Verification of stratification and related research

The easiest way to estimate the waste composition in any munici-
pality is to use the results of the corresponding representative, but it is
not the correct approach. The approach for reliable estimates of waste
composition for arbitrary municipality should be the subject of further
research. If the municipality is too far away or even at the cluster
boundary, it is expected that a large error rate will be included in the
estimate. The better option is to use results from all clusters — the more
data is used the better estimates can be made. A proper way might be to
find a regression model that estimates the composition in a given mu-
nicipality. There must be available a large amount of data (WCA studies
in many representatives). Based on the quality of the model, it is then
possible to retrospectively identify the suitability of selected factors for
the stratification. If the model does not show acceptable quality, the
whole process can be repeated. Based on the correlation analysis, it is
possible to suggest a new group of influencing factors and a new strat-
ification will be performed. The results of the new stratification and the
data from the already performed analyzes define the possibilities of
selecting other representatives according to the points summarised in
the previous sections.

5. Conclusion

The methodology describes the principles of stratification of mu-
nicipalities in arbitrary country to select representative municipalities
for obtaining an estimate of waste composition. The approach is suitable
for estimating the composition of any fraction of MSW. These principles
can also be applied if the interest is focused only on a given region and
the aim is to select representatives only from this region. The selection of
municipalities is carried out using a two-level procedure, which uses
practical requirements and socio-economic parameters. After con-
ducting WCA studies in selected representatives, it is possible to estimate
the average composition in any region or the entire country. Results
allow predicting the composition in any municipality, although no
studies have been performed there. The application of regression anal-
ysis is recommended in this manner. The number of selected munici-
palities in total depends significantly on the available funds or other
resources. The accuracy of the results is derived from variability in
collected data and predefined inputs.

The advantage of the presented method is that it can handle any size
of financial budget. Another benefit is the even distribution of
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municipalities into strata and clusters. The disadvantage of the method
may be hidden in the unknown information about the homogeneity of
the cluster — whether the selected representative appropriately repre-
sents the other municipalities in the cluster. Verification of results is
required to identify information about the error and variability in
clusters. However, field works of our team were stopped because of
pandemic by the Czech Ministry of the Environment, so the data on
waste composition just started to be collected in the selected represen-
tative municipalities.

Using the proposed method, ten clusters were created within the
Czech Republic. Each cluster is described by a single representative
municipality where the studies should be carried out. Furthermore, it is
appropriate to divide the representative municipality based on dwelling
types. Each further division refines the estimate but increases the
number of monitored areas. It is recommended that campaigns are
distributed into heating/non-heating seasons or vegetation/non-
vegetation periods, so that the seasonal effect of some types of waste
can be captured (e.g., bio-waste).

The total cost for estimating average MMW composition in the Czech
Republic was calculated as 72,000 euros. This amount corresponds to
WCA studies in ten municipalities for different numbers of dwelling
types in each locality. However, given the variability of the results,
additional analyzes may be needed to increase the accuracy of the es-
timates. The results — information on the composition of the waste — will
provide input data for decision-making and application of environ-
mental management as indicated in section 4.2.

Future research can assume selecting more representatives from one
cluster and the goal could be changed from the average municipality to
the best possible description of the entire cluster. Some novel metrics
could be adapted to improve variability coverage. The waste composi-
tion should be monitored on a long-term basis and new sites (repre-
sentatives) should be selected appropriately, considering the results
after statistical evaluation. The selected representative does not have to
be suitable for characterizing the stratum. In a further study, a multi-
stage approach can be developed. The decisions in the first stage
would be updated considering the results achieved in the other stages.
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The production of mixed municipal waste changes due to the increase of separation rate, urbanization
and other factors. The future changes in the legislation and technology development influences the way
the waste is being treated. Thus the method, location and capacity of processing sites are unknown. The
realization of future projects can be supported by the developing of transportation infrastructure. Such a
feature may be represented by a robust transfer station grid, which can be designed to handle all possible
future realizations and technological solutions (establishment of waste treatment facilities). The paper
presents an approach utilising a mathematical model for the design of transfer stations. It is formulated
as a multi-objective two-stage mixed-integer stochastic programming problem, where the trade-off
between the environmental aspect and the economic viability is considered. The model is tested
through a case study for the Czech Republic, where the waste treatment of over 6,000 municipalities is
analysed. The solutions for different preferences are assessed throughout the principle called out-of-
sample stability with 10,000 scenarios. The optimal decision consists of the robust transfer station
grid with selected locations and their respective capacity. The particular solution with respect to the
potential trade-off suggests to save 1.148 mil of travelled kilometres with only 0.77 mil EUR. The output
in the form of decision support can serve possible stakeholders from the field of waste management to
plan more sustainable projects.
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1. Introduction

Most countries are struggling with changing demographic
conditions. The population growth can be identified in developing
countries, while in developed nations the age of the population is
steadily growing (World Bank Open Data, 2018). The paper by
Klemes et al. (2017) is worth mentioning, because they summarized
the progress in the sustainability applications from the recent
years. At the same time, there is an ubiquitous technological boom
and a change in the lifestyle associated with it. These aspects have
an impact on products that are reflected in the waste produced, in
terms of the absolute amount (Lou et al., 2017) and the waste
composition (Chen, 2018a). Apart from the economic aspect, also

* Corresponding author.
E-mail address: jakub.kudela@vutbr.cz (J. Kadela).
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the areas focusing on saving primary raw materials (Chen, 2018b)
and reducing the emissions (Fan et al., 2018a) are becoming more
prominent. An example may be a package for circular economy
issued in May 2018 by EU (Directive (EU) 2018/849, 2018/850-2018/
851 and 2018/852 — required to transpose the directives into na-
tional law of the member states by 5 July 2020) or an earlier
document (from the year 2008), that anchors the preference of
waste management in “waste hierarchy” (Directive (EU) 2008/98/
EC). This hierarchy has been analysed (Gharfalkar et al., 2015) in
more detail. The EU legislation is reflected by the local legislation of
the EU member states, where binding milestones with fixed
deadlines are defined.

Changing the way of waste treatment is only possible with the
corresponding development of the waste processing infrastructure.
Experts in this field are focused on the development of new so-
phisticated approaches for complex planning, where the main de-
cision criterion is not only the cost but also the environmental point
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of view (Barbosa-Pévoa et al, 2018). The optimization models
regarding the waste management can be divided into main
categories:

location problem, see Wichapa and Khokhajaikiat (2017),
allocation problem, see Boonmee et al. (2018),

network flow, see Tian et al. (2018),

supply chain, see Islam and Huda (2018),

and other.

The tasks mentioned in the bullet points are significantly
affected by transportation cost. The other point of view represents
the carbon emission production, which can be also used as a cri-
terion in such tasks. The transition to high levels of renewable
energy is included in future plans (Walmsley et al., 2015). Infra-
structure building is influenced by local trends that are evolving
due to legislative changes. For new projects, the economic sus-
tainability is the essential aspect. The planning of the facility
commissioning in waste management is difficult due to a long
approval period (Putna et al., 2018). The projects are significantly
affected by local environmental organizations, that often stop the
project (Hsu, 2006). For these reasons, the forecasting of future
waste handling is very difficult. Specific forecast contains many
indeterminate factors which are projected in the main indicators
(Cervantes et al., 2018). The current state of the waste handling,
which is an important input for the simulations of future devel-
opment (Somplak et al., 2017) was analysed.

Since, the transportation is the key part of the whole chain of
waste flow, deep evaluations of its component are needed. Most
mathematical models solve the transport within the optimization
of processing capacities, but their locations are set (Peri et al., 2018).
However, the resulting flow allocation is not effective when
changing the parameters of the terminal facility. On the other hand,
transport and infrastructure models are usually solved with fixed
processing grid (existing processing infrastructure). There exist
several location allocation models in waste management. Bojic
et al. (2013) examined the problem of allocating solid biomass
power plants in Serbia. Sarker et al. (2018) focused on designing a
logistic system for bio-methane gas production. However, these
models do not include any sources of uncertainty and focus only on
a single objective.

In the case of strategic decision-making in transport (Boonmee
et al., 2018), all possible networks in the debris operation process
were considered. It consists of waste collection and separation sites,
processing and recycling sites, disposal sites and market sites to
solve the post-disaster supply chain. Gambella et al. (2018)
addressed a tactical problem of waste flow allocation from a
waste operator point of view with the aim of minimizing the total
management cost with considered profits from special sub-
products. Coban et al. (2018) studied the possible disposal tech-
niques for municipal authorities that could be applicable to Turkey
with regards to the ever-growing amounts of the municipal solid
waste. Another point of view was proposed by Zhao et al. (2016),
where the complex network design problem was investigated. It
considers the regional hazardous waste management system and
searches for the transfer routes. The goal was to minimize the total
cost and the inherent risk at the same time. Waste transfer stations
and their locations were examined in the city of Nashik (India) by
Yadav et al. (2016). The introduced study considers various waste
treatment options, but the evaluation of new processing capacities
is not included. The multi-objective approach for eco-design was
proposed by Ji et al. (2016) and solved by Pareto optimization to
obtain optimal transportation strategy. None of these approaches
reflect the future possible legislation changes which can be pro-
jected in the development of certain technology while due to the

local conditions, different locations are suitable for a realization of
the different projects. This results in unstable optimal solutions
when the corresponding legislation changes. Even when some
similar thoughts were provided, big simplifications were consid-
ered, which limit the application to real problems.

This paper introduces the planning of transport infrastructure
for municipal waste processing, specifically the location of the
transfer stations with the capacity selection. The new approach is
based on two-stage stochastic programming. The uncertainties are
projected through the model parameters. The result is the sug-
gestion of transfer stations placement, which is robust for future
realization of unknown parameters. These unknown parameters
were analysed separately in the following papers:

e The possibility of different processing facilities (Asefi and Lim,
2017) — sorting line, Waste-to-Energy plant, Mechanical-
biological treatment plant, Monoblock, co-incineration with
coal.

e The capacity of facilities (Rudi et al., 2017).

e The price variability — a requirement for the return of the in-
vestment — municipal or private investor (Ferdan et al., 2015),
the development of the price and the demanded heat (Putna
et al., 2018).

e The competitive waste market — construction of new facilities
(Somplak et al., 2014).

e Exporting/importing the waste (as a raw material) abroad
(Botello-Alvarez et al., 2018).

e The legislation changes (Tomic¢ et al., 2017).

From the above-mentioned points it is clear, that it is advanta-
geous to consider a large number of scenarios for the description of
the possible future realizations of the indeterminate parameters.
The above-mentioned papers mostly focus on the testing instances
or highly aggregated task with NUTS 3 (Nomenclature of Territorial
Units for Statistics), which is very limited for practical use, espe-
cially for design of low-capacity facilities. This paper considers the
analysed area on the more detailed level, which corresponds to LAU
2 (Local Administrative Unit). Such an approach entails significant
demands on the compilation and the implementation of the
mathematical model. The solvability and acceptable time and re-
sources for computations play a crucial role. The approach will be
described in detail in Section 5. The developed optimization model
is multi-objective, providing a desired level of trade-off between
the ecological and the economic objectives. This is achieved by
minimizing the overall building and managing costs, and mini-
mizing the total distance travelled by all the vehicles (and, hence,
the emissions produced by those vehicles, see Fan et al. (2018b) for
extensive review on air emission assessment) simultaneously.

2. Problem description

The main focus of the developed optimization model is to serve
as a decision support on the selection of the location and the ca-
pacity of waste transfer stations. The purpose of these transfer
stations is to be a transportation hub where the waste from the
neighbouring municipalities is gathered, compressed, and loaded
on a more cost-efficient vehicle before it is shipped to a waste
treatment facility. See Gregor et al. (2017) for the evaluation of
related costs. The decision on the placement and the capacity of
these stations is a strategic one, as it needs to be made in advance,
and has a lasting impact on the behaviour of the system (in this
case, on the flows through the transportation network and the
resulting costs and emissions). In the language of stochastic pro-
gramming (Birge and Louveaux, 1997), these decisions are called
the “first-stage” decisions, as they need to be made without the



1296 J. Kudela et al. / Journal of Cleaner Production 230 (2019) 1294—1304

knowledge of the particular realization of the uncertain parame-
ters. These decisions must be made robust enough to be suitable for
a wide range of possible future values of the uncertain parameters.

The optimization variable representing the decision on building
the transfer station in a specific place is inherently binary, making
the problem a mixed-integer one and adding extensive computa-
tional complexity. The relation between the cost of building a
transfer station and its capacity is nonlinear, and (what is even
more important) nonconvex, making the problem even more
challenging. The non-linearity is caused by the purchasing of press
equipment which decreases per unit of processed waste. This dif-
ficulty is overcome using the special ordered set of type 1 (or SOS1)
variables (Williams, 2013), that linearize the cost function and help
to decrease the computational complexity.

The other decisions, namely the transportation of waste, the
usage of the transfer stations, and the choice of the waste treatment
facility are all operational ones — they can adjust to the uncertain
prices at the waste treatment facilities. In stochastic programming
terms, these decisions are called “second-stage”. To describe the
transportation of waste (which essentially is a network flow) be-
tween the municipalities, a fitting mathematical structure is
needed. In this case, because of the two different modes of trans-
port (“normal one” and the one from transfer stations), two sepa-
rate graphs are used. The first one has each municipality
represented by a node and arcs describing the available road
network between those municipalities (cf. Fig. 1 in the Case Study).
The second graph describes the network using the transfer stations
— the nodes are only the municipalities where there is either a
possible transfer station location, or a waste treatment facility. The
arcs describe the shortest paths between all pairs of possible
transfer stations and waste treatment facilities.

The multi-objective nature of the model stems from the desire
to design systems that are both economical and with as small
environmental impact as possible. In this case, the environmental

impact of a solution is measured in terms of the total distance
travelled by all the vehicles used in the transportation of waste. The
modelling technique employed to tackle the multi-objectivity of
the problem is the standard scalarization one (Boyd and
Vandenbarghe, 2004), where the two objectives are given
different weights. These weights are used to construct a new single
objective function that is minimized. By appropriately changing the
weights, one obtains the desired trade-off curve (or a Pareto fron-
tier) between the two objectives, as well as the corresponding
optimal decisions.

As already stated in Section 1, there is a multitude of uncertain
factors that need to be accounted for. This uncertainty in data is
modelled as different possible scenarios, with the objective
computed as an average (trade-off between costs and distance)
over these scenarios. Intuitively, as the number (and the quality) of
the considered scenarios grows, so does the quality of the decision
that is based upon them. However, with rising number of scenarios
comes an increase of computational difficulty, as to each scenario
corresponds a separate set of second-stage decisions. This difficulty
is addressed by the use of an appropriate optimization method
described in Section 5.

3. Model formulation

All the necessary notation used to describe the mathematical
model is summarized in Table 1. The mathematical model of the
problem is developed using a combination of description styles to
ease the notation. Most notably, the scalar product of two column
vectors x,y is denoted as xTy (all vectors considered are column
vectors). In the equations, some subscripts are hidden, meaning
that the full vector of values is used — e.g., in Eq (3), the subscript j is
missing to indicate that the inequality should hold for all of the
corresponding values (component-wise for the two vectors).

The weighted objective function is given by Eq (1). The first

road network

producer of waste

* waste processing plant
O possible transfer station

Fig. 1. A map showing the layout of the case study.
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Table 1
The notation.

Type Symbol Description [unit]
Sets ses Set of scenarios
i<l Set of nodes (municipalities)
ielc) Set of possible transfer stations
teT Set of possible options for transfer station capacities
Parameters Ay The first incidence matrix (connections between municipalities) [-]
A The second incidence matrix (transfer stations — treatment facilities) [-]
dq Distances on the first incidence matrix (on A;) [km]
dy Distances on the second incidence matrix (on Ay) [km]
[} Transfer costs, without the transfer stations (on A;) [EUR/t]
Cy Transfer costs, using transfer stations (on A,) [EUR/t]
by Capacity of vehicles on Ay [t]
by Capacity of vehicles on A; [t]
Ds Probability of a scenario s [-]
et Cost of a construction of a transfer station at location i, with capacity option t [EUR]
ki ¢ Capacity of a transfer station at location i, with capacity option ¢t [t]
fis Cost of processing waste at node j, scenario s [EUR/t]
T Production of waste at node j [t]
qj Waste processing capacity of node j [t]
A Scalarization parameter [-]
Variables i ¢ Decision on building the transfer station at location i, with capacity option t; binary (SOS1), first-stage [-]
X1s Flows on A; in scenario s; continuous, second-stage [t]
X2s Flows on A, in scenario s; continuous, second-stage [t]
Yis Amount of processed waste in node j, scenario s; continuous, second-stage [t]

addend denotes the expected costs, that are associated with the
construction of the transfer stations, waste processing, and trans-
portation. The second addend denotes the expected distance trav-
elled by the vehicles transporting waste. Its computation is based
on the amount of transported waste on the arcs of the networks
and the capacity of the vehicles used on the two different networks
(with and without the use of the transfer stations). The scalariza-
tion parameter A0, 1] is used to describe the level of trade-off
between the two objectives.

minimize X+ | > ej 6+ > ps <c§x1,5 +cxa +fSTyS>

ielteT ses

+ (1- X)-( > ps (dg—xl,s/bl + d§X2,s/b2))
SES

(1)
The constraints describing the model take the following form:
A1X1s+Axps+ys —1r=0, VsES§ 2)
ys<q, VSE€S 3)
Z X2s < Zki,tai@ VseS, Viel (4)
flows from il teT
stWZ,sJ’sZO, VseS (5)
D b <1, Viel 6)
teT
oi¢ €{0,1}, Viel, VteT )

The constraint Eq (2) describes the “conservation of waste” —
the net balance of the amount of waste that is produced in a mu-
nicipality, transported (by the two different networks) in and out of
a municipality, and processed in a municipality must be equal to
zero. The constraint Eq (3) denotes the waste-processing capacities

of the different municipalities (with the ones without a waste
processing facility having q; = 0). The constraint Eq (4) links the
decision of building the transfer stations with the use of the asso-
ciated network — the sum of the transported waste from a node i by
the transfer station network must be less than the installed transfer
station capacity in that node. The constraint Eq (5) ensures that the
transportation and processing variables will be nonnegative. The
two last constraints Eq (6) and Eq (7) together define the SOS1
variable — at most one of the possible capacities of the considered
transfer stations must be chosen (with the possibility not to build
any).

4. Case study

The case study involves the transfer station planning in the
Czech Republic for the mixed municipal waste. In terms of scale, it
deals with the most detailed description of the road networks and
municipality structure available. In total, 6258 nodes (municipal-
ities producing waste), 44 waste processing plants (15 of which
were foreign, allowing a potential export of the waste to Germany
or Austria) and 116 possible places for the transfer stations were
considered (these sets are not mutually exclusive). For every
possible transfer station 6 options for its capacity were considered.

The waste processing sites have the possibility to utilise
potentially produced heat from waste, i.e. existing district heating
systems, see Putna et al. (2018). In such locations, the construction
of new facilities (Waste-to-Energy, Mechanical Biological Treat-
ment, Processing of Refuse Derived Fuels) is considered. These
technologies can effectively utilise residual municipal waste
(Somplak et al., 2014). The newly created facilities comply with
(Directive (EU) 2018/850), which aims to move away from land-
filling through the use of waste (material or energy recovery). The
robust design of transfer stations promotes the financial sustain-
ability of new projects and is therefore an important aspect of the
transition to a more efficient waste management anchored in
(Directive (EU) 2008/98/EC).

The first road network (connecting the municipalities, described
by the incidence matrix A;) had 24,770 arcs and is depicted in Fig. 1.
In order to differentiate between the transportation of waste that
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does or does not use the transfer stations, a separate road network
was computed — for each possible transfer station was found the
shortest path to each waste-processing plant. In this pre-processing
step, 5075 shortest path optimization problems were solved,
resulting in the second network (described by the incidence matrix
A,) with 5075 arcs (omitting the ones that started and ended at the
same place). The transfer of waste when using the transfer stations
is assumed according to (Gregor et al., 2017). Flows on the first
network are considered to be serviced by vehicles with capacity
b; = 10 t, and the flows from transfer stations are serviced by ve-
hicles with capacity b, = 24 t. For the purpose of simplification, the
vehicles are assumed fully loaded. This assumption has an unde-
niable effect on the resulting optimal solution. The model could be
refined by considering less aggregated data (on a weekly/monthly
basis instead on the yearly basis) and by obtaining the information
about the utilization of the vehicles collecting the waste. Addi-
tionally, as pointed out by How et al. (2016) adding both weight and
volume constraints significantly increases the precision of the
transportation model.

The first-stage of the optimization problem consisted only of the
planning decisions (on where to build the transfer stations) and is
described by 696 binary variables. The second-stage of the opti-
mization problem used 29,889 continuous decision variables.

The uncertain parameter that is considered in the model is the
cost for processing the waste at the 44 different plants, which
correspond with the legislation development and local conditions
(such as the demand for heat, etc.). To appropriately capture the
nature of the inherent uncertainty, 1000 possible scenarios for the
waste treatment costs were constructed to be used within the
optimization. The resulting optimization model had almost 30
million variables. The total number of constraints that depend on
scenarios was 36,307, meaning that the optimization model had
over 36 million constraints.

5. Optimization method

Because of the enormous number of variables of the considered
optimization model, a specialized optimization method had to be
employed. The particular block angular structure (see Birge and
Louveaux, 1997) of this two-stage stochastic optimization prob-
lem is very well suited for the so-called Benders decomposition
algorithm. This algorithm was originally developed as a method of
solving large mixed integer optimization problems and it is thor-
oughly described by Kudela et al. (2017). The variant of the algo-
rithm that was used to solve the optimization problem further
utilized the warm-start cuts developed by Kudela and Popela
(2017). The method works by decomposing the optimization
problem into two different ones, namely the master problem and
the subproblem. In the considered case, the master problem con-
sists of all the first-stage variables, constraints that contain only the
first-stage variables (constraints Eq (6) and Eq (7)) and a part of the
objective function with only the first-stage variables. An additional
continuous variable is attached to the master problem and is used
as a link between the master problem and the subproblem.

The subproblem then includes every other variable and con-
straints Eq (2)-Eq (5). The algorithm progresses by alternating be-
tween solving the master problem and solving the subproblem,
where the value of the first-stage variables is being fixed (i.e. the
first-stage variables appear as constants in the subproblem).
Depending on the solution of the subproblem, the master problem
is augmented by the so-called feasibility and optimality cuts until
an optimality criterion is met and the solution (the first-stage de-
cision) is declared to be the optimal one (or to be within a specified
optimality gap).

The real strength of the algorithm comes into light when solving

the subproblem. The structure of the optimization model is such
that the subproblem is naturally separable by scenarios, once the
first-stage decisions are fixed. This means that instead of solving
one large optimization problem with 30 million variables, one
needs to solve 1000 problems with 29,889 variables instead — this
can be done with the help of modern solvers and equipment in a
reasonable time frame.

To further take the advantage of modern solvers, the concept of
lazy constraints, proposed by IBM (International Business Machines
Corporation) that develops the CPLEX solver (CPLEX, 2019), was
utilized. Instead of solving the mixed-integer master problem
completely for each newly generated optimality or feasibility cut,
the cut-generation is moved to be within the solution procedure of
the master problem. This is achieved by using the lazy cuts — each
time a new incumbent solution for the mixed-integer master
problem is found, the subproblems are solved and a depending on
the result, new cuts are added (the incumbent is rejected), or the
solution is deemed optimal (the incumbent is accepted). A flow-
chart describing the algorithm is depicted in Fig. 2.

The optimization was carried out for 7 different values of A to
obtain a set of advantageous and diverse trade-off decision. To test
the computed optimal first-stage decision on building the transfer
station network, a new set of 10,000 scenarios was generated. On
these new scenarios, the transfer station network was fixed, and
the optimization was carried out only with respect to the opera-
tional decision (transportation and waste treatment), which was
done separately for each scenario. This evaluation is based upon a
principle called out-of-sample stability (King and Wallace, 2012).
Using this method, it was found that the objective function values
from the optimization were less than 1% off from the results of the
evaluation (suggesting that the 1000 scenarios used for optimiza-
tion were “enough” to obtain out-of-sample stable solutions). The
computations took about 1 h for each value of A.

The optimization model and the decomposition algorithm were
programmed in the high-performance dynamic language JULIA
(Bezanson et al., 2017) with the JuMP package for mathematical
optimization (Dunning et al., 2017), that is very well suited for
large-scale scientific computing. The solution of the mixed-integer
master problem was obtained using a branch-and-cut method
(with the aforementioned lazy cuts), calling the CPLEX 12.6.3 solver

Start Solve
subproblems
incumbent l
- first-stage
Solve solution
master

problem |-

Optimal Suboptimal Infeasible
(accept (add (add
incumbent) optimality  feasibility

cut) cut)

Optimal
first-stage

solution

A
f

Fig. 2. A flow chart describing the Benders decomposition with lazy constraints.
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(CPLEX, 2019). The MIP gap parameter was set at 1.5%, which was
decided to be sufficiently low for this application. The individual
subproblems in the second stage were solved by the primal-dual
simplex method, calling the GUROBI 7.5 solver (GUROBI, 2019).
This combination of solvers and algorithms achieved the best
overall performance — the scheme reached the 1.5% optimality gap
for the problem formulation with 1000 scenarios within 24 h for
each considered value of the scalarization parameter A. The com-
putations were carried out on an ordinary computer (3.2 GHz i5-
4460 CPU, 16 GB RAM).

6. Results and discussion

The results of the computations for 7 different values of A are
summarized in Table 2 — the mean and standard deviation (Std) for
both objectives and the number and total capacity of transfer sta-
tions is presented. The trade-off between the overall costs and the
total travelled distance, based on the value of the scalarization
parameter A, is best exemplified by the Pareto frontier graph in
Fig. 3. The decisions based only on one of the objectives (corre-
sponding to A = 0 and A = 1) are rather “extreme” to be used in as a
support for decision making. Instead they serve as very useful
reference points for comparing the possible trade-offs. A very
important feature of the results is the “very steep” and “very
shallow” slopes of the graph near the extreme values of A (close to
the single-objective optimal decisions). This means that for a very
small compromise in one objective, large gains can be achieved in
the other objective. This can be clearly seen, for example, on the
solution for A = 0.05, that is just very marginally worse in terms of
costs than the decision that focuses solely on costs (for A = 1,
results for this setting were basically the same as the ones obtained
by Kudela et al. (2018)) but has 8.7% lower total travelled distance.
For practical purposes, the best trade-off solutions seem to be ob-
tained between A = 0.001 and 2 = 0.03.For A = 0.03, the costs are
only 0.3% higher than the best possible and the total distance
travelled is 42.2% higher than the best possible. For A = 0.001, the
costs are 3.97% higher than the best possible and the total distance
travelled is 1.35% higher than the best possible.

Another interesting aspect of the decision is the variability in the
values of the two objectives. The more “focus” is shifted towards
one of the objectives, the lower are the standard deviations in this
objective and the higher are the standard deviation in the other
objective. This can be clearly seen in Fig. 4. For A = 0, the resulting
plan was the same for all the considered scenarios which means
Std = 0. It is caused by the considered random variable, which was
the cost of waste treatment at the different facilities. Thus, the only
objective was to use the operating decisions (transfer and treat-
ment) with least amount of total travelled distance.

The planning decisions on the placement and capacity of the
transfer stations are rather similar, ranging between 75 and 90 for
the number of stations, and between 4.25-10°t to 5.06-10°t in

Pareto frontierj
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Fig. 3. Pareto frontier describing the trade-off between cost and distance for different
values of A.

terms of the installed capacity. This signifies that the use of the
transfer stations is preferable for both objectives. There is, however,
no apparent simple relationship between the optimal number/ca-
pacity of the built transfer stations and the values of A, which in-
dicates that the optimal decisions are rather complex (as opposed
to a straightforward “higher A means more capacity” or similar
ones). Many of the optimal decision for placement of the transfer
stations for different values of 4 overlap, which can be seen in Fig. 5
(with A = 0, focusing on distance), Fig. 6 (with A = 0.01, describing
a trade-off between distance and costs), and Fig. 7 (with 1 = 1,
focusing on costs). These places can be seen as the best potential
candidates for the construction of transfer stations, regardless of
the particular objective.

The operating decision, however, depend on the value of 1 to a
much higher degree. As can be seen in Fig. 5, Fig. 6, Fig. 7, and, in
more detail, in Fig. 8, the transport of waste from different mu-
nicipalities to transfer stations and waste treatment plants natu-
rally divides the map into (mostly unconnected) areas of influence.
These areas change just slightly depending on the values of 4,
where the biggest differences are caused by decision on building
additional/different transfer stations, illustrated in Fig. 8. Addi-
tionally, the areas of influence also depend on the particular sce-
nario, as the flow on both of the transport networks can vary (but
the layout of transfer station network for a selected value of A re-
mains fixed).

The decision that depends on the desired trade-off between the
overall costs and total distance travelled the most is the transport

Table 2

The results of the evaluation with 10,000 scenarios.
A Total cost Total travelled distance Stations

Mean (in EUR) Std (in EUR) Mean (in km) Std (in km) number Capacity (in t)
built

0 273.13-10° 6.036-10° 5.006-10° 0 90 5.06-10°
0.001 270.18-10° 5.909-10° 5.074-10° 0.108-10° 84 5.02-10°
0.01 263.67-10° 5.468-10° 5.901-10° 2.519-10° 75 4.45-10°
0.03 260.63-10° 5.238-106 7.119-108 6.571-10° 83 4.25-10°
0.05 260.04-10° 5.196-10° 7.543-10° 7.533-10° 81 4.38-10°
0.25 259.99-10° 5.157-10° 8.131-10° 8.953-10° 79 4.43-10°
1 259.86-10° 5.158-108 8.267-10° 9.084-10° 79 4.68-10°
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Fig. 4. Histograms of total travelled distance and total cost for different values of parameter 4 Mean values are denoted by a dashed line.
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Fig. 5. A map showing the results for a baseline scenario. A = 0.
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Fig. 6. A map showing the results for a baseline scenario. A = 0.01.
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Fig. 7. A map showing the results for a baseline scenario. 1 = 1.

from the selected transfer stations to the waste treatment plants.
For lower values of \ (exemplified in Figs. 5 and 6), this transport is
much more regionally focused, preferring the nearby waste treat-
ment plants that have more expensive treatment costs. For higher
values of A (Fig. 7) the solution shifts towards the utilization of
much more of the further placed and the foreign waste treatment
plants that offer lower waste treatment costs.

The results suggest that each municipality has its preferred
Fig. 8. A close-up on the map (western part) showing the transport only on the first “transport destination” — either a transfer station or a waste

network. The map naturally decomposes into areas of influence. A = 0 (left) and 2 = 1 treatment plant that the municipality utilized for most scenarios. In
(right).
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Fig. 10, the percentage utilization of the most used transport
destination for the municipalities is depicted for A = 0.01. Over
34% of the municipalities had a singular transfer destination that
did not change over the 10,000 scenarios. For 86% municipalities,
the most used transfer destination was used at least 91% of the time

J. Kudela et al. / Journal of Cleaner Production 230 (2019) 1294—1304

— or, to rephrase, the claim: “This municipality uses the same
transfer destination in at least 91% scenarios”, was true for 86%
municipalities. For 97.5% municipalities, the most used transfer
destination was used at least 70% of the time. For the municipal-
ities, this analysis can serve as a foundation for their support of the
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Fig. 9. Histograms of waste processing and transportation in processing plant in “Most”.
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plan to build a particular transfer station.

An additional perspective can be gained by analysing the effect
of choosing A on individual waste processing plants. In Fig. 9 are the
histograms for the transportation and processing of waste in the
processing plant in a municipality called “Most”. This municipality
is the capital city of the “Most District” located in the northwest of
the Czech Republic. It has approximately 67 thousand inhabitants,
and the waste processing plant located there has a capacity of
150 kt. As the value of the parameter A decreases and the optimal
waste processing plan gets more locally focused, the utilization of
the processing plant in “Most” increases. This can be clearly seen in
the histogram of amount of processed waste — for A = 1 the plantin
“Most” is not used in almost 20% of the scenarios, while for A = 0.01
the plant is always in use. The percentage of times the plant runs at
full capacity also increases from almost 40% for A = 1 to over 50% for
A = 0.01. However, the increase in the utilization of the plant
naturally increases the traffic from both the normal network and
from the transfer stations. The overall effect on the traffic situation
in individual municipalities should be carefully analysed.

7. Conclusions

Decision making in an uncertain environment is always a deli-
cate task and requires proper handling and careful consideration. In
this paper, a mathematical model for an optimal transfer station
grid is developed, taking into account the uncertain development
in the waste processing costs, caused by the unknown future
development in legislation and technology. The multi-objective
nature of the model provides a ground for evaluation of the ad-
vantages and disadvantages of the trade-off between the environ-
mental aspects and the economic viability attained by the different
solutions.

A case study demonstrating the applicability and scalability of
the model is presented. This study describes in high detail
(considering over 6,000 municipalities) the mixed municipal waste
management situation in the Czech Republic. The results show a

100

90
For 86% municipalities

the most used transport
80 destination was used at
least 91% of the time

70

60

50

Percentage of municipalities

40 -

30
30 40 50 60 70 80 90 100

Percentage of the use of the most used
transport destination for a municipality

Fig. 10. Utilization of the most frequently used transport destinations (transfer sta-
tions and waste treatment facilities).A = 0.01.

range of viable option and strategies for the planning and managing
the transfer station grid.

Because of the large scale of the resulting model, a suitable
optimization algorithm was needed to process and solve the
problem. The Benders decomposition algorithm with the utilization
of lazy constraints and warm start cuts was chosen, as it is highly
scalable and relatively straightforward to implement. A high-level
description of the algorithm was presented.

From the macro-level perspective, the mathematical model can
be used for the assessment of the optimal strategies (both tactical
and operational), exemplified in Figs. 3, Fig. 4, and Fig. 10. It also
provides means for the micro-level analysis of the impacts of the
selected strategies on the individual municipalities and waste
processing plants.

However, the most difficult task is still left for the specific de-
cision maker (possible investors, municipalities and/or stake-
holders from the field of waste management). The proposed results
serve as the support and recommendation. The optimal trade-off
probably lies between values 0.001 and 0.03 of the scalarization
parameter A For 1 equal to 0.03, it is possible to save 1.148 mil of
travelled kilometres with only 0.77 mil EUR as extra costs. It cor-
responds with establishment of 83 transfer stations with total ca-
pacity 4.25 mil tones. There can be suggested locations for transfer
stations, which are robust both with regards to the objective
functions and uncertainties. These transfer stations can represent
the first step for stakeholders in supporting sustainable waste
management. The consideration of the environmental and eco-
nomic aspects of the different solutions must be further examined
in a much broader context. Another factor that could improve the
model in the future is the addition of more decision stages,
providing the possibility to plan the opening/closure of the transfer
station alongside with the development of the waste processing
infrastructure. Also, it is possible to merge the transfer station
planning model with a model for the planning of the waste pro-
cessing infrastructure, which would offer a more holistic view.
However, such a model is likely to cause severe tractability/
computational issues, that need to be addressed by the develop-
ment of appropriate algorithms.
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Abstract The aim of this paper is to introduce a novel
approach which supports facility planning in the field of
waste management. Only 23 % of municipal solid waste
(MSW) was thermally treated in the EU 27 in 2011. The
increased exploitation of its potential for energy recovery
must be accompanied by massive investments into highly
efficient and reliable incineration technologies. Therefore,
the challenge is to be efficient and use the technology to its
optimal level. Feasibility studies of all plants providing a
service for a region create a large and complex task. Gate
fee (the charge for waste processing in the facility) repre-
sents one of the most crucial input parameters for the
assessment. The gate fee is driven by configuration of the
technology, competition, market development, environ-
mental taxation and costs of waste transport to satisfy the
plant’s capacity. Valid prediction of the gate fee thus
presents a demanding task. In this paper, first, an advanced
tool called NERUDA is introduced, which addresses
logistic optimization and capacity sizing. The key idea is to
focus on the problem of competition modelling among
waste-to-energy plants, landfill sites, and mechanical-bio-
logical treatment plants producing refuse-derived fuel.
Then, the main theoretical concepts are discussed, followed
by the development of a suitable mathematical model. The
goal is to obtain a minimized cost of MSW treatment for
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waste producers (municipalities). The application of the
developed tool is demonstrated through a case study, where
uncertain parameters entering the calculation are handled
by a repetitive Monte Carlo simulation based on real-world
data.
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Waste-to-energy - Monte Carlo - Gate fee -
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List of symbols

CEE Central and Eastern Europe
CZE  Czech Republic

DH District heating

EU European Union

IRR Internal rate of return

LCA  Life-cycle assessment
MBT  Mechanical and biological treatment
MSW  Municipal solid waste

R1 Energy efficiency, R1 factor

RDF  Refuse-derived fuel
WM  Waste management
WMP Waste management plan
WTE  Waste-to-energy (plant)
Introduction

This paper deals with the recent salient issues of the
municipal solid waste (MSW) management facility plan-
ning, and by facility planning, we mean proposing pro-
cessing capacities and waste logistics optimization, which
both play an important role. Individual Member States of
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the European Union (EU) are committed to reducing the
ratio of landfilled waste, and at the same time, to treating
the waste in an efficient way. Specifically, the EU issued
Directive 2008/98/EC on waste and the hierarchy of waste
management (WM). Waste prevention is a priority of the
Directive, followed by a decrease in waste production. The
reuse of certain products should also be promoted. Material
recovery is at the third level in the Directive hierarchy. If
all the previously mentioned levels of WM are fully

@ Springer

exploited, energy recovery from waste should then be
preferred to waste disposal, e.g. landfilling and incinera-
tion, which has no energy recovery.

In order to demonstrate the contemporary situation in
the EU, a short summary of how WM is currently handled
will now be given. The graph in Fig. 1 shows that the
generation of MSW in the 27 Member States of the EU
(EU 27) has been moderately falling. The current average
of waste generation is slightly below 500 kg per capita per
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Fig. 3 Impact of landfill tax/
ban and incineration tax on
waste flow among key elements
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year. One may also notice a progressive tendency to prefer
material and energy recovery to landfilling (Eurostat
2012). The latest data on the proportion of MSW pro-
cessing methods (recycling, incineration, composting and
landfilling) in the EU Member States in 2011 are given in
Fig. 2.

Figure 2 clearly shows that the current situation and
efficiency of WM vary greatly across Europe. We may
distinguish between three groups of countries in this paper.
Yet, there is no rigid boundary among particular groups:

Group 1 (Fig. 2 left)—we can identify countries with
well-developed WM, where landfilling has been nearly
eliminated. The majority of MSW is recovered for material
reuse. These successful countries focus on sophisticated
and effective waste collection which encompasses dozens
of recyclables. The amount of residual waste, which cannot
be recycled, has seriously decreased. Landfilling of this
untreated and biodegradable MSW is forbidden, and
therefore it is incinerated. The amount of incinerated waste
is high and ranges between 30 and 40 % of the total waste
generation. Incineration plants, therefore, play a significant
role in these countries” WM, and the promotion of recy-
cling is reinforced by incineration taxes (see Fig. 3). Waste
prevention policy combined with demographic develop-
ment may create overcapacities in the following years, and
there is an ongoing discussion whether intensive recycling
is sustainable for the future (Velis and Brunner 2013).

Group 2 (Fig. 2 middle)—countries where the changes
towards more sustainable WM are in progress. Here, leg-
islation is already in place, and policy is implemented in
the waste management plan (WMP). There is a sufficient
processing capacity but, unfortunately, processing capacity
commonly refers to landfill sites, and a great share of
biodegradable waste is still landfilled. These countries do
not forbid waste landfilling, but they do impose landfill
taxes to redirect some waste from landfilling to material
recovery and/or WTE (Fig. 3). Countries in this group are

RESIDUAL LANDFILL| |
WASTE Lsﬁﬁm T‘/\\X?BAN‘

\ INCINERATION TAX MBT— J

e

experienced in waste-to-energy (WTE) plant operation.
However, material recovery is insufficient, and there is still
potential for its further enhancement in these countries.
Overall, in these countries, more WTE projects are being
prepared, and new WTE plants are being built or have
building permission confirmed. The United Kingdom (UK)
may serve as an example of a country on the borderline
between the first and the second groups. The UK exported
almost 868 kt of mechanical-biological treatment (MBT)
products in 2012 (see below) (CHIWM 2013). Currently,
the UK has around 18,900 kt/y of residual waste treatment
capacity either ‘operating’ or ‘under construction’, which
includes 44 dedicated incineration facilities and 57 other
facilities. The capacity of prepared/designed projects is
equal to 24,200 kt/year (Eunomia Research and Consulting
2013).

Group 3 (Fig. 2 right)—Countries awaiting the trans-
formation of WMPs. These have insufficient capacity for
processing waste, even concerning landfilling sites. Land-
filling is not restricted, a low amount of waste is recycled
and no WMPs are in place.

For more information about the current state in the
individual EU Member States, see a detailed study issued
by BiPRO (BiPRO 2012). It aims to evaluate Member
States in terms of their compliance with the above men-
tioned hierarchy, existence and efficiency of economic
tools for WM promotion, number and stage of development
of waste treatment facilities, and planned projects and
fulfilment of the targets for the diversion of biodegradable
waste from landfilled sites.

As mentioned above, one of the key economic drivers
towards efficient WM 1is a landfill tax or total ban on
landfilling untreated waste. These restrictions influence the
economy of key system elements (landfill sites, WTE,
MBT, separated collection followed by material recovery,
etc.) and thus the waste flow as well. This impact is sum-
marized in a graphical form in Fig. 3.
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The general relationship between the price of treating
waste, landfilling, and recycling, including an analysis of
correlations between the implementation stages of these
strategies, is studied in (European Commission 2012).
Further comments on the issue can be found in the paper
(Van de Wiel 2010), where the impact of introducing these
taxations for the transfrontier shipment of waste is
reviewed. The recent phenomenon of overcapacity for
WTE in certain countries, accompanied by legislation
allowing cross-border transport of waste and different
processing prices, has created a competitive environment
within the EU. According to the report (Eunomia Research
and Consulting 2013), if all currently planned projects in
the UK, with a capacity of roughly 24,200 kt/year, are
successfully implemented, there will be approximately
13,800 kt/year of overcapacity. By 2020, Germany expects
incineration overcapacity to be 3,000 kt/year (Dehoust
et al. 2010). Therefore, the import of waste into countries
suffering overcapacity will become an important issue.
Any possible imports are conditioned by energy recovery
in the target country. Incineration facilities must comply
with R1 (Energy efficiency, R1 factor) stipulated by the EU
legislation, which allows the MSW incinerators to be
classified in R category (‘Use principally as a fuel or other
means to generate energy’) (2008/98/EC) and thus profit
from this classification. An analysis and comparison of R1
factors can be found in Grosso et al. (2010) and Reimann
(2012). Pavlas and Tous (2009) evaluated particular sys-
tems of MSW incinerators in terms of energy utilization
and their impact on various operation modes on the R1
value. Since R1 is strongly dependent on the rate of energy
generation, it has a direct relation to primary energy sav-
ings. Pavlas et al. (2010) proved that energy generated in
MSW incinerators contributes to primary energy savings,
as well as energy from biomass, whereas the release of
emissions and pollutants is significantly lower.

Waste today has more denotations than it traditionally
used to have. It is a valuable commodity—a source of
energy and a source of raw materials at the same time (e.g.
ferrous and non-ferrous metals). These factors lead to sit-
uations where it is beneficial to transport the waste even
over long distances. This initiates the development of a
unified market which is then divided into regions with
insufficient processing capacities (sources of waste, groups
2 and 3) and regions where free processing capacities are
available (sinks of waste, group 3). In such an environment,
countries are supposed to plan, build and operate new
capacities in the near future in order to meet obligations to
reduce the amount of landfilled biodegradable waste
(European Commission 2012). These new capacities will
include not only WTE, but also MBT.

MBT spread to several EU countries in the 1990s. The
process incorporates the mechanical grinding and

@ Springer

separation of waste followed by biological processing
(anaerobic decomposition and/or aerobic composting).
This technology separates the input waste flow into util-
izable parts. For more information about this method, see
(Department for Environment, Food and Rural Affairs
2013). One MBT product is the refuse-derived fuel (RDF)
with sufficient calorific value for subsequent use as fuel in
combustion plants (power plants, cement plants, etc.).
Finding end-users for RDF and local conditions at a par-
ticular site is vital for an efficient processing chain incor-
porating MBT. This line of argument is supported by
various studies looking into Life Cycle Assessment (LCA)
in WM. In addition, this method helped us find several
general insights into the suitability of the MBT. Consonni
et al. (2005) showed that when assessing all potential
impacts, the direct incineration of untreated waste in an up-
to-date incinerator is the most preferred strategy. Miinster
et al. (2013) stressed the need for the development of
scenarios for the assessment of projects researching both
WM and energy issues not only in the case of LCA; but Ma
et al. (2010) discussed also the increased risk of corrosion
due to chlorine presence in RDF. MBT was an important
topic in WM debate in the 1990s and has been increasingly
utilized in some countries, e.g. in Italy and Germany.
Today this concept is proposed as a tentative solution for
countries in groups 2 and 3.

Since the two concepts (i.e. direct combustion of MSW
in WTE and RDF production in MBT) correspond to the
overall balance in significantly different ways, we have
summarized the key figures related to each concept in
Fig. 4.

Although the sustainability of each concept should be
evaluated based on both financial and environmental cri-
teria, the final decision about pushing a specific project into
realization is made by the investor. In this decision, the
prediction of a competitive gate fee plays an essential role
as an important economic parameter §omplék et al.
(2012a). They investigate the economy of scale related to
specific WTE. They also mention the positive effect of
falling per ton capital costs with increasing capacity. The
cost of waste transport should be included as well, as it
increases with the capacity and waste can be shipped even
over long distances. At the same time, the supply chain,
comprising all operations following the route of the waste
from the place of its origin to its final processing place,
becomes more and more complex (collecting vehicles,
waste transfer stations, rail and truck transport, loading/
unloading mechanisms, etc.).

In this complicated situation, it is useful to have a
computational tool which can support decisions related to
the following activities: (1) feasible location screening for
WTE and/or MBT sites and their sizing based on residual
waste availability; (2) waste flow simulation between waste
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Fig. 4 A comparison of overall
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sources and waste sinks in a rapidly extending EU waste
market as an approach towards waste-availability model-
ling in a specific region; (3) support on supply chain
planning and infrastructure improvement to remove
expected bottlenecks; (4) project feasibility evaluation (risk
analysis) focused on the prediction of competitive pro-
cessing price (gomplék et al. 2012a); and (5) impact
evaluation of regulation and legislation (landfill taxes or
ban).

Following from an extensive review published by Ghi-
ani et al. (2013), many papers have contributed to the
phenomena of WM modelling. However, the theoretical
concepts and models have thus far focused on specific
fields (e.g. collection itself, the exploitation of capacities of
different types of technologies, transport cost minimiza-
tion). In addition, they have considered some limitations
and presumptions, e.g. fixed or linear cost, one techno-
logical concept included, limited number of nodes. Opti-
mum solutions have been proposed, but a discussion about
the project’s feasibility, from the point of view of potential
investors, is missing, and this restricts their practical
application.

Therefore, our team has developed a computational tool
called NERUDA which supports the aforementioned
activities related to a new WTE project in its early stage of
development (conceptual development phase). The benefits
of using such a tool for analysis including hundreds of sub-
regions and tens of plants is demonstrated in this paper
through a case study aimed at a specific region (the Czech
Republic—CZE).

The basic idea behind the NERUDA tool is as follows:
the producer of waste (a municipality in case of MSW)
makes a decision about its future MSW treatment strategy.
The objective function addresses expenses in terms of cost
for waste processing at individual facilities and the overall
cost of the transport of waste to the facilities. Environ-
mental taxation is included as well and reflected in the gate
fee (environmental externalities can be included in the
same way if necessary). For a discussion on the potential

@® Waste-to-Energy, Landfill, MBT

transportation
i i: } @ costs (d)
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$ .l | /\
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Fig. 5 A visualization of the basic ideas of transportation problems
behind the developed tool

problems in the creation of models for WM planning and
price estimates, see Parthan et al. (2012). The basic idea is
the minimization of costs, which is presented in Fig. 5.

Although the idea presented in Fig. 5 looks simple, as
soon as it is spread into the simultaneous calculation of
many sub-regions, it turns into a comprehensive model (see
“Mathematical model” Section) dependent on gathering
and processing of real-world data. The sets of inputs can, of
course, differ depending on the level of detail in the
investigation. In general, the sets include information
about: (1) existing logistic infrastructure—routes and their
quality, taxation, railway corridors and their loading, dis-
tances, and expected transport times; (2) waste-manage-
ment statistics—specific waste production, waste lower
heating value, availability of separate collections systems
for recyclables and their efficiency, demand for secondary
raw materials, etc.; (3) facilities—existing landfill sites,
incineration plants, new projects under consideration and/
or erection; (4) prices—energy prices (heat, electricity,
fuels), landfilling taxation, etc.

@ Springer



1280

R. Somplik et al.

Mathematical model

First, we have to mention papers relevant to the topic, and
solution methods. There are several inspiring texts dealing
with sustainable supply chains design (Young et al. 2012),
energy network solutions for regions (Kettl et al. 2012),
descriptions and simulations by p-graphs (Siile et al. 2011),
and multiple-criteria reduction in biomass energy supply
chains (Varbanov et al. 2012). Concerning useful sources
related to logistic models, we have to mention Ghiani et al.
(2004) and Williams (2009) concerning indicator-variable
integer programming techniques. There have also been
several attempts to tackle the topic using an operational
research approach, see (Lang et al. 2003). However, no
paper has yet dealt with as an extensive case study which
also assesses profitability and risks as that we shall present
later in “Practical application in a selected region” Section.

We have successfully dealt with a decision-making
process related to the specific WM strategy and built a
specialized transportation optimization model. The key
idea is to study the disposal of waste produced in villages
and towns (sources of waste) and to model an approxi-
mate competitive environment. We denote sources of
waste as nodes, and roads are represented as edges. Thus
we minimize the overall costs as follows:

min Z dvix; + Z Z Q;jX;j (P,WTE(CZWTE) + p%‘ND)
J i
2 en+ ) > aylip! ™ (C) (1)
J i

subject to (constraints are valid for all nodes i representing
sources of waste):

Z ajj +o0; + 51\/IBT(Z a,'jlj + Z b,’jlj) < CiWTE —+ CILND
J J J

> agl < (3)
7
=Y ali <t (4)
7

NPT "yl = ST byt (5)
7 J

SN "y + > bty < CPNP (6)
J 7

where x; is an amount of MSW transported by arc j, [; is
the RDF amount transported by edge j, #; is the TF amount
transported by edge j, a;; is an incidence matrix for MSW
and RDF transportation graph, b;; is an incidence matrix
for RF transportation graph, d is the MSW unit transfor-
mation cost for 1 ton, e is the RDF transportation cost for 1
ton, and v; is the length of edge j (distance between related
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@ WTE1-locality C
@ WTE 2 - locality J

Fig. 6 Visualization of transportation network for simplified task

nodes), p" T (CVTE) is a gate fee for 1 ton of MSW in
WTE in node i, pMBT (CMBT) is a gate fee for 1 ton of
MSW in MBT in node i, p*P is a gate fee landfill for 1 ton
of MSW in node i, o0; is an amount of MSW production
in node i, CV™F is a WTE capacity in node i, C-"P is a
capacity of landfilled site in node i, CMBT is a capacity of
MBT in node i, CRPF is a capacity for RDF incineration in

node i, 5iLND is equal to 1, if node i is of landfill type, and
equals O otherwise, and 5?4BT is equal to 1, if node i is

a village with MBT, and equals O otherwise.

Calculation, simplified task

In order to provide an easy explanation of the model, we
will first demonstrate the principles of calculation on a
simplified task. The example here considers only a small
number of nodes and edges (10 nodes, 21 edges) and does
not account for the processing of waste in a MBT plant or
its landfilling. Only two WTE facilities (C and J nodes in
Fig. 6), which have a fixed annual processing capacity of
300 kt/year each, are considered. The overall capacity 600
kt/year slightly exceeds the total generation in all the
selected nodes A to J, which is 570 kt/year (see Table 1).
The gate fee is constant and amounts to 74 EUR/t and 81
EUR/t for facilities in C node and in J node, respectively.
The objective function and all constrains are linear.
Therefore, the solution is global. Figure 6 presents a
transportation network with relevant data for this simplified
optimization task. Data related to infrastructure model are
summarized in Table 2.

Only road transport is considered, and the transportation
price is constant, regardless of distance, amounting to 0.15
EUR/(km t). The compression of waste in transfer stations
and relevant transportation price optimization are not
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Table 1 Waste generation as considered in simplified task

Node A B C D E F G H I 1

Waste production 50 80 85 55 75 45 35 70 35 40

(kt/year)

considered either. Waste generation at particular nodes of
the transportation task is given in Table 1.

The mathematical model is simplified to the subsequent
objective function (7) and one constraint (13).

min Z dvix; + Z Z axp) E (7)
J i
provided that (constraint applies to all nodes and edges)

Z aiiXj + 0; S CIWTE (8)

J

Results may be easily checked, and the validity of the
mathematical model may be proved thanks to the sim-
plicity of the task. The results of the example are given in
Fig. 7 and Table 3.

It is obvious that a real situation, where hundreds of sub-
regions are optimized simultaneously, with necessary
nonlinearities, makes the verification of results essentially
impossible. Such an application of our tool is presented in
the next section.

Practical application in a selected region

Now, we would like to introduce the benefits of our tool
through its more practical real-world data-based application.

Introduction to the case study

We follow on from the discussion about future WTE
potential capacities in CZE as mentioned in §omplék et al.
(2012b) and Pavlas et al. (2010). Based on the classifica-
tion above, CZE falls into the second group. There are 10.2
million inhabitants in CZE, and current waste generation
reaches 2.93 million tons, i.e. the specific generation per
capita amounts to 287 kg/year, which is below the EU
average. There are three incinerators in operation with an
overall processing capacity of 645 kt/year, another incin-
erator is under construction, and several more are planned
to be built in the future. The recent WM concept presented

@ WTE 1 -locality
@ WTE 2 - locality J

Fig. 7 Graphical representation of results of the simplified optimi-
zation task

by Pavlas et al. (2012) proposes up to 11 new WTE pro-
jects with an overall capacity of 2,200 kt/year after 2020
(see Table 4; Fig. 8). A small number of MBT plants and
plants co-incinerating RDF are included as well. The total
technical potential—of waste-based net power and heat
production of 800 GWh/year and 14 PJ/year, respec-
tively—is predicted for all WTE plants. The figure of 800
GWh/year may be compared with current power produc-
tion from biomass, which reached approximately 1,500
GWh in 2012. The expected heat delivery may reach 16 %
of the current heat delivered to end-users via district
heating (DH) systems (2012 data).

In this paper, we are planning to go one step further in
the analysis. We simulate the performance of this concept
from an economic point of view with the help of our tool
NERUDA.

Note: The country is characterized by a large amount of
heat delivered by DH systems (88 PJ in 2012). Currently,
heat is mainly supplied by coal-fired heating plants. New
locations for WTE are associated with large cities where
sufficient DH systems exist.

Calculations and Monte Carlo simulation

Since gate fee is the crucial input parameter in the model,
we start this section with some comments on the method-
ology used for its generation. Constant values of gate fees
are often considered in published papers and thus were also

Table 2 Definition of transportation network for simplified task—distance matrix

A A A A B B C C
B G H 1 C 1 D I

Edge defined by nodes

b D D E E F F G G G H 1
E 1 J F H I J I

—
Q
—

Distance (km) 30 42 25 25 25 23 28 28

38 26 40 34 35 34 27 20 25 34 25 29 33
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Table 3 Results of the simplified optimization task

Edge defining nodes A A A A B B C C C Nodewith WTE plant C J
B G H 1 Cc 1 D 1 J

Amount of waste transported (kt/year) 30 42 25 25 25 23 28 28 38 Amount of waste treated (kt/year) 300 270
Table 4 Values of survival function for projects with capacities considered in the concept (scenario Sc2)

X Y A B C D E F G H 1 J K L
Planned capacity (kt/year) Pavlas et al. (2012) 150 150 171 220 285 96 190 180 270 95 452 220 140 163
Survival function R(c) [%] 2 43 35 100 88 97 17 98 79 31 86 97 13 85
Fig. 8 Transportation Legend:
infrastructure of the model with g Waste to Energy Plant
key elements for assessed

+ Landfill

concept

considered in our simplified task. In this case study, we
take into account the economy of scale (see p)¥ '£(CVE) in
Eq. 1), where the effects of falling specific capital costs
with increased capacity can be observed. The gate fee
function is generated separately for each project included
in the assessment by external techno-economic models.
The specific conditions in the locality (e.g. heat demand,
heat price, existing infrastructure reducing capital cost) are
taken into account as well. An example of capacity-
dependent gate fee function is depicted in Fig. 9. The
prices are projected onto 2020 (year of calculation) con-
sidering an annual inflation of 3 %. Let us briefly explain
the meaning of parameter IRR in Fig. 9.

The sustainability and financial attractiveness of each
new project are determined by many uncertain parameters
(energy prices, waste quality, maintenance, unexpected
power outages, etc.). All of these parameters have their
own positive or negative effects on the project’s cash flow
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RDF co-incineration
Town

Transport edge

and subsequently on the project’s profitability, which is
often expressed by internal rate of return—IRR. The sen-
sitivity of IRR (under varying futures in uncertain param-
eters) can be tested under the assumption of a fixed gate fee
with the use of complex techno-economic models. Vice
versa, if IRR is fixed, we can investigate the sensitivity of
the gate fee. We considered the same average IRR of 10 %
for each competitive project in our case study, which is
considered to be adequate revenue related to this industrial
sector and expected by a private investor. To address the
uncertainty, we as well set its minimum and maximum
values to 8 and 12 %, respectively. The corresponding gate
fee intervals are determined in the next step (see Fig. 9 as
an example).

The optimization of the aforementioned objective
function (Eq. 1) was repeated thousands times for varying
combinations of gate fees at individual facilities. The gate
fee for each calculation was generated by the Monte Carlo
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Fig. 9 An example of capacity-dependent gate fee function gener-
ated for one specific project. Uncertainty of future development in
key economic parameters is addressed by varying internal rate of
return (IRR)

method using the gate fee interval with the truncated nor-
mal probability distribution function. This stochastic
approach, which may be considered a wait-and-see
approach by terminology of stochastic programming (Birge
and Louveaux 2011), allows for the subsequent statistical
analysis of results.

Results

There is too limited space here to give a detailed descrip-
tion of all benefits of our NERUDA tool, and therefore we
will now present only few examples of our results.

The first result is related to risk analysis, where two
WTE projects to be located in different locations (denoted
as X and Y) are compared. Figure 10 shows that they
perform in a manner completely different from each other.
The risk is expressed by survival function (see Fig. 10):

100% A
90% -
80% -
70% A== Ay

60% - '}

50% - \

40% N

30% A =
20% A ~—

10% '\ ~

0% ; = =

0 50 100 150 200

Project X, capacity (c) [kt/y]
(a) High-risk project

- = Sc1
Sc2

Reliability - R(c)

250

percentage of experiments resulting in a capacity higher
than capacity c. Moreover, two different scenarios related
to legislation development were included (Scl—promoting
WTE only; Sc2—promoting both WTE and MBT). Under
the assumption that the same capacity of 150 kt/year for
both projects was proposed by the concept specified in
Table 4, we conclude that project Y is less sensitive to
future competitors, whereas project X is very risky and
probably feasible only under specific circumstances
resulting in a lower gate fee and subsequently in lower
IRR.

One can speculate about the effect of an even higher
landfill tax 80 EUR/t expected in our calculation in Sc1 and
Sc2. This situation is depicted in Fig. 11 where the rela-
tionship between the risk and landfill tax is shown. The
project in locality X remains high-risk even under condi-
tions of a high landfill tax. Other methods to enhance its
competitiveness have to be investigated (e.g. establish if it
as a municipal project with lower return on investment
expectations).

The survival function R(c) was evaluated for each plant.
The results for one scenario are presented in Table 4. The
calculation also proposes collection areas for each facility,
and therefore, maps the expected future flow of waste in

Reliability - R(c)

0% T T T T
100 150 200

ProjectY, capacity (c) [kt/y]
(b) Feasible project

250

Fig. 10 Risk-analysis related to the reliability of capacity fulfilment performed on two projects in different locations for two different scenarios

of future legislation development
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Fig. 11 Risk-analysis related to the reliability of capacity fulfilment
performed on two projects under different landfill taxation rates

the region. This information is crucial for a survey of the
traffic load and missing infrastructure planning. A graphi-
cal illustration of collection areas is depicted in Fig. 12.
The layout fully corresponds to the proposed concept of
WM; almost all WTE facilities are in operation. The
majority of waste is incinerated directly; only a small
portion goes through a MBT process and/or is landfilled.
These streams are excluded to keep Fig. 12 clear.

The results prove the complexity of the task which has
to deal with all locations simultaneously. We have dem-
onstrated a sensitivity analysis of environmental taxation
(Scl and Sc2). In the same way, waste calorific value, fuel
prices, transportation costs and limitation, the situation in
neighbouring countries (cross-border transport of waste)
and other uncertain parameters can be included as well.
There are two approaches available. We can model

Plant throughput [kt/y]

1 0-100

=] 100 - 200

B 200-300

B 300 and more

scenarios, or we can generate values from an interval. The
first method was used for Scl and Sc2, the latter for gate
fee modelling in our case study. For the each of further
applications, the task can be adjusted with respect to the
required targets of the calculation.

Further research and other NERUDA applications

Previous sections presented a logistic task and application
of the model on a specific region and one type of waste.
The task must be interpreted as motivational. The model is
universal and may be modified depending on the assign-
ment. Modifications include various locations and types of
waste (the so-called multi-commodity problem), discussed
in detail in (Ghiani et al. 2004). In general, the model may
be applied to altogether different commodities. Several
potential subjects may benefit from the developed tool, and
they are given in Fig. 10. It is clear that end-users of the
results (e.g. state administration, representatives of gov-
ernment, potential investors interested in new plants,
operators of existing plants) will differ in their motivation
and objectives and that the application must be always
tailored to their needs. Future development of our tool
(reflecting current demands) is expected as follows:

e Previous parts of the paper discussed a stochastic
approach based on repeated calculations with adjusted
input data according to defined scenarios. Reliability
functions are generated subsequently (see Fig. 10).
Obtained functions indicate risky and/or attractive

Material transport [kt/y]

—+—0-20
20 -40
=t 40 - 80

wsws 80 and more

Waste production [kt/y]
0-8
8-16
16 - 32

100 km

32 and more

Fig. 12 Visualization of results of the transportation model for one particular scenario—high landfill tax introduced, energy produced in WTE

supported by subsidies
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projects. This approach is called a wait-and-see
approach. We further plan to focus on the generaliza-
tion and modification of our model to involve uncertain
parameters in a more complex way, see (Huang et al.
2001; Birge and Louveaux 2011). This will lead to an
improved methodology for risk assessment under
uncertain future conditions.

e The calculation model described in this paper allows
for simulation only for a single time-frame, i.e. a year.
Our new and improved model will include sequences
for several years, where calculation results from
previous years constitute inputs and constraints for
future years. Therefore, particular years of the simula-
tions interact. This also enables modelling of long-term
contracts between producers and operators.

e In all the previous points, the tasks are related to
analyse waste flow on an annual basis. Such a
calculation provides us with a conceptual insight into
the problem. Once the promising patterns of the sender
and the receiver are identified, a detailed analysis is
expected. The whole logistic chain is optimized in
terms of selecting the best transportation system and
sizing it. The result is sensitive to many local aspects
(fluctuation in waste production, local infrastructure,
transport routes, loading and an increase in freight
transport duration times due to transport accidents).
These local factors must be considered in a task
simulating a short time-frame (shipment on a daily
basis). A typical application includes finding a location
for transfer stations within metropolises and/or regions.

Conclusion

In the paper, the tool NERUDA for conceptual planning of
new WTE capacities was introduced. By using the calcu-
lations results, WM policies can be implemented through
legislation amendments. In addition, it is also possible to
determine the attractiveness of potential sites for the con-
struction of new facilities. Therefore, the proposed opti-
mization model contributes to effective WM.

The model represents a transportation problem imple-
mented in WM. Its practical application was demonstrated
through a case study related to a specific region (the Czech
Republic). A risk analysis of two WTE projects located in
different areas was performed.

Another challenging task is the application of our tool
for simulation and/or optimization of a developing and
ever-growing EU waste market. The introduction of the
model in large areas exceeding the borders of one country
will inevitably increase the requirements/demand for input
data.
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1. Introduction

Waste production, and its environmentally-friendly treatment,
has become a worldwide challenge. The European Union (EU) has
established a hierarchy of waste management based on the classi-
fication of various waste treatment methods with the prevention of
waste is the foremost aim. Recycling methods and material recov-
ery fall next in the waste treatment hierarchy. However, these
methods are rather costly and do not allow for processing all
municipal waste. Furthermore, the higher are the yield of these
methods, the higher are the costs. Energy recovery from waste, i.e.
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E-mail address: ferdan@upei.fme.vutbr.cz (T. Ferdan).

http://dx.doi.org/10.1016/j.applthermaleng.2015.04.005
1359-4311/© 2015 Elsevier Ltd. All rights reserved.

recovery through incineration with subsequent use of the energy
for production of electricity and heat, is employed if the above
mentioned methods cannot be applied. Waste disposal without
energy recovery and landfilling are the last resort.

It has been estimated that approximately 1.7—1.9 x 10° tonnes
of municipal solid waste is produced annually worldwide. Only
about 70% of this amount is actually collected within organized
waste management (WM) systems, and only 20% is utilized
(through energy or material recovery) in compliance with the EU
waste treatment hierarchy [1]. However, some countries in West-
ern Europe, such as Germany, Switzerland, the Netherlands, and
Belgium, rank highest in the share of waste utilization, with
numbers reaching as high as 80—90% [2].

WM in the EU has and will undergo major developments. Many
countries have experienced a positive trend in the so called process
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of decoupling, when an economy is able to grow without burdening
the environment [3]. However, individual EU Member States are at
different levels in their approaches to waste treatment.

Many EU countries, especially from Central, Southern and
Eastern Europe, have agreed to decrease the amount of landfilled
biologically degradable waste by 2020. This represents 50—60% of
municipal solid waste produced in an area, and an increase in the
share of material recovery from waste. The shift towards more
efficient utilization requires the design of intelligent regional
strategies together with investors' willingness to build and operate
new incineration plants.

1.1. Modelling approaches toward efficient waste management
systems

Many studies have discussed the topic of how sustainable
particular WM solutions are, and compared them extensively.

One subsection of studies commonly deals with conditions in
specific regions, and their conclusions are therefore locally-
dependent. Evaluation methods for various WM technologies
include supply-cost curves analyses [4] or life cycle assessments
(LCA). Beccali in Ref. [5] applied LCA on a comparison of three WM
systems; Koc¢i and Trecdkova in Ref. [6] compared seven model
systems using the LCA method. Margallo in Ref. [7] then introduced
normalization and weighting procedure for the results of LCA
studies.

Another group of the published studies present theoretical
models and procedures aimed at finding the optimum arrange-
ments integrating more technologies. An extensive review of
modelling optimization techniques was published in Ref. [8]. Waste
treatment optimizations are often calculated for large regions, and
then try to propose the best location for WM facilities in a given
area. However, this effectively tackles only waste transportation
and the only criterion is the cost. An example of a multi-criteria
objective function is given in Ref. [9] where two approaches are
presented, which deals with sustainable system synthesis. Another
example is using multi-objective mathematical calculations for
decision making support in Ref. [10]. Interesting multi-objective
optimization of WM in Mexico is used in Ref. [11] where it is
used to maximize the net annual profit and minimize the envi-
ronmental impact.

From a practical point of view, the currently available models
dealing with these issues are often insufficiently interconnected,
and very limited in their practical implementation. Researchers are
now facing the task to make the computational methods more
sophisticated and simpler. Lam et al. [12] reduced the connectivity
in a biomass supply chain in order to lower the computational time.
In a similar manner Ng [13] presented a clustering approach for
optimizing industrial resources.

The recycling targets of the EU, should they be applied to all EU
countries, are rather ambitious. The aim of the EU is to move all
Member States up the waste treatment hierarchy, which is above
all costly and of course unwelcome by the general public, espe-
cially if they should bear the costs. However, acceptance is one of
the pillars of sustainability, as was resolved at the World Summit
on Sustainable Development in Johannesburg 2002. In this
context, WTE is a sustainable solution for many regions (in low-
income countries) as it presents less ambitious targets and may
be the first step in moving higher up the waste treatment hierar-
chy. WTE systems may bridge the gap in WM in Eastern European
countries as well as create the chance for developing markets
worldwide [14]. Even though those future obligations exist, it looks
as though the current motivation driving investors' activity to
move the projects from planning to their implementation phase is
missing.

1.2. A successful waste-to-energy project — the basic requirements
and feasibility studies

The construction of a WTE plant is a rather costly, complicated,
and prolonged endeavour. Investment costs of a WTE plant and
technologies range from 700 to 1000 EUR/t of annual capacity [15].
The preparation phase lasts 5 years at best but is usually longer [ 16].
Moreover, the life cycle of these plants lasts 20—30 years. To help
future investors, several guides and manuals have been issued e.g.
the World Bank presented general guide for evaluation of WTE
plant [17] or more specific guide from Themelis [ 18] that deals with
situation in Latin America. Despite the fact that the manuals were
drafted for various countries over different periods, the basic
principles and conditions remain the same, and are as follows:

e A stable planning environment (15—20 years), relatively stable
and preferably foreseeable cost of spare parts, consumables, etc.

e Energy delivery contracts

e A relatively stable market and energy costs

e A reliable supply of suitable waste for the waste incineration
plant

e The annual mean lower heating value of the waste cannot drop
below 7 MJ/kg

e The support of stakeholders

e The acceptance of the plant from the general public and mu-
nicipalities — good public awareness

e Support from the Government/legislators — landfill taxes/bans,
bonuses, tax relieves, etc.

If all of these conditions and principles are met, a situation for
the building of a WTE project is ideal. If any of these needs fall short
of what is required, the project team has to rely on a detailed
analysis that will prove the economic and technical feasibility of the
project from the investor's point of view. The project has to be
acceptable from the stakeholders' point of view.

Prefeasibility and feasibility studies are major parts of the pre-
project phase. The contents of both of these studies are basically
identical, but differ in input data and structure (see Table 1). The
prefeasibility study is drafted using generally available data and
references. The feasibility study must work with accurate infor-
mation and data from a given location so that the project team may
estimate relevant factors, evaluate project financing and identify a
financing strategy as accurately as possible.

The risk analysis is one of the most important parts of the
feasibility study. The risk analysis refers to the identification of the
greatest risk sources, the risk's impact on the project's stability and
financing, and/or measures taken to minimize the risk. An exten-
sive risk analysis for WTE, established and run as a PPP project, is
given in the study by Song [19] who identified various associated
risks and classified them in ten major groups. These are: govern-
ment decision-making risk, government credit risk, legal and policy
risk, technical risk, contract change risk, environment risk, public
opposition risk, waste supply risk, payment risk and revenue risk.
Song [19] further describes a potential correlation of risks when a
poor governmental decision-making process results in the selec-
tion of an inadequate plant location. This in turn may cause a failure
to comply with environmental requirements, the dissatisfaction of
local authorities, and the rescission of certain contracts.

1.3. Identifying and assessing investment risk

The basic structure of expenses and income given in Fig. 1 gives
us a clear idea what the risk analysis should focus on. The particular
parameters affecting expenses and income of the project signifi-
cantly change throughout the life of the plant, and each parameter
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Table 1
Content of WTE pre-feasibility and feasibility studies [18].

Pre-feasibility study

Feasibility study

e The potential location of the plant

e The outline of waste collection areas, and basic information about the
average composition of waste coming from different producers

e Basic demographic information

Basic information about plant size, capacity and technology
A basic environmental assessment

An estimate of investment and operational costs and gains
Project organisation

e The potential location of the plant

The identification of the waste collection area, and detailed information
about the composition of the waste

Demographic data for the given location

A stakeholders' analysis

Detailed energy market research: consumption, cost, competition
Plant design (size, capacity, technologies, etc.)

Full environmental assessment

Project organization — others

The identification of the plant's organization and management
Risk analysis and control

has a different impact on the final return on investment (ROI) of the
project.

Expenditures do not usually fluctuate much and there is little risk
unless the plant encounters a serious accident or has to face unex-
pected expenses. Risk is therefore associated with the revenue of a
plant. Revenue includes income from the sale of electricity and heat
(supplies into a system of central heat source or integration of the
WTE facility with other commercial facilities). These sales are
affected by price trends, and by the amount of the produced and
exported commodity. However, the processing of waste is the most
importantincome. This main revenue is then set by the gate fee price.

Song [19] discusses only information about the mere existence
of the risks. Unfortunately, his work provides no quantification data
on particular risks and/or the quantification of the risk's impact on
the project returns indicators, e.g. the internal rate of return (IRR)
and payback (PB) [20]. Pereira [21] and Li [22] both present quan-
titative data related to the risk, and analyse the risks using a Monte
Carlo method applied on photovoltaics and wind farms, respec-
tively. Various indicators help assess the quality of an investment
project [20]. The outcome of the first article [21] is a net present
value (NPV), and dynamic payback period (Tq) and IRR in the sec-
ond article [22]. In both cases, energy is converted from renewable
resources of energy (wind, sun). However, the availability of wind
and sun is rather random, which affects production costs and in-
terferes with the competitiveness of the plant. Therefore, statistical
planning and scenario analyses must be employed in the assess-
ment. A similar analysis of a WTE was outlined by Ferdan [23] who
modelled the gate fee (price for waste processing) using variable
input parameters; see Section 3.

1.4. The objective of the paper

High investment costs, uncertainty of profit (the availability of
waste, price of waste processing, energy cost, etc.) along with
competition from landfills, make WTE projects an ideal area for
utilizing advanced simulation and evaluation techniques. Such a
tool could provide the investor and stakeholders with all the
necessary information for their decisions. All studies dealing with

® Income from
waste treatment
B Income from sales
of heat
Income from the
sale of electricity
B Other variable

project planning and constructing WTE plants (e.g. the aforemen-
tioned Refs. [17—19]) list particular risks but do not mention any
methodology for calculating input data for the risk analysis.

This paper presents the required methodology for a complex
assessment of an investment project risk associated with future
waste delivery and waste processing price. Regarding the gate fee,
the intended project has to be competitive with the current treat-
ment method. Future environmental taxation is also taken into
account. In addition to this, the plant has to be competitive with any
other intended projects in the area. With increased plant capacity,
the collection area becomes larger and it can interfere with the
collection areas of other projects (see Fig. 2). To secure the waste
available within the collection area a competitive price should be
proposed.

The objectives of the paper are: (1) evaluate the availability of
waste — a key aspect in the project's success, (2) identify risks
associated with waste shortage and assess. The proposed meth-
odology contributes to resolving questions such as: the size of the
waste collection area, and availability of the waste and its cost.

2. Methodology based on a competition modelling approach

The methodology proposed in this paper is focused on waste
availability modelling and its evaluation. It is based on an innova-
tive computational approach involving complex simulations of
future competitive environments. For this a network flow optimi-
zation tool NERUDA is used. The approach comprises three inter-
connected steps (see Fig. 3). Step 1 and step 2 exploit the findings of
our previous work which was recently published (see Sections 2.1
and 2.2). The main objective of this paper is step 3 — a newly
developed simulation analysis focused on quantifying risks from a
limited supply of waste (Section 3). The new term waste availability
factor is defined within the framework of our methodology and
used in the assessment. Competition modelling concerns several
competing plants, whereas the subject of this analysis is one
particular WTE plant.

Since the methodology takes advantage of the repetitive use of
the NERUDA tool, let us first summarize its main features and

® Maintenance and
reinvestments

H Residues handling

1 Other variable (chemicals,
energy, etc.)
m Wages

m Other fixed (insurance,
security, taxes)

Fig. 1. An example of structure of incomes (left) and expenses (right), [%] [15].
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Fig. 2. Interference of collection areas resulting in a limited waste availability.

provide more details for predicting gate fees in relation to the
objective of this paper.

2.1. NERUDA introduction and its basic features

NERUDA is a network logistic-based computational tool which
simulates and optimizes waste flow from waste producers to pro-
cessing facilities within a particular geographical area (region,
country, etc.). These regions are then divided into many sub-regions
represented by nodes. A detailed description of the tool, its main
principles and equations forming the mathematical model, is pro-
vided by Somplak et al. [24]. In the same paper, the model is first
explained with a simplified example covering only a few nodes and
then an extensive case study with more than 200 nodes is solved.

The tool contains data about basic waste producers (munici-
palities) within the sub-regions, the waste transportation network
between nodes, and existing plants processing waste. The calcu-
lation is performed for all nodes (producers) simultaneously. The

results of the calculation provide information about waste flows
and allocate processing capacities. The tool is currently able to
compare three types of waste treatment methods — WTE,
mechanical-biological treatment, and landfilling, and the tool is
open for further extensions. Moreover, the simulations take into
account transfer stations where waste volume is reduced by
pressing into containers. This decreases the costs of transportation
over long distances. So far, road and rail transportation has been
integrated in the software.

The tool further allows for us to evaluate investment projects
and the competitiveness of new and existing waste processing fa-
cilities. NERUDA helps producers (municipalities) in a given region
optimize waste treatment by employing the basic principle of
minimizing the cost of waste treatment in this region. Generally,
the application potential of NERUDA (see Fig. 4) is as follows:

e The design and optimization of waste management concepts at
various levels of public administration

Waste flow

2

optimization/competition
modelling using logistic-based
tool NERUDA
Somplék et al.[24]

1 |
1
w gy coese
.1+ prediction

Gate-fee prediction for facilities in
different localities using external
techno-economic (T-E) models
Ferdan et al.[23]

Simulation analysis
* Waste availability factor (WAF)
* Statistical evaluation
* Sensitivity testing

Fig. 3. The components of our waste delivery risk analysis methodology.
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NERUDA

for policy-makers
for municipalities
for investors

for operators

« & Landfill

e by owre

. AA wBT

Transfer station

Fig. 4. Scheme of NERUDA software and components included.

e A feasibility study of plant investments
e The optimization of waste transportation
e The complex modelling of waste market.

Calculations in NERUDA are influenced by a number of uncertain
parameters which can be predicted only with difficulty. However,
these parameters influence waste availability, plant economy, plant
competitiveness and energy production, and therefore have to be
considered and integrated in the simulations. This is done with a
stochastic approach and scenario generation.

Following Fig. 3, calculations in the NERUDA software are an
intermediate step in our methodology. Before the calculation, an
interval of a suitable fee at a WTE gate is identified for all facilities
included in the assessment. The desired return on investment is
considered as well. Since we deal with the project preparation phase
and future predictions, changes in key parameters, which affect the
project economy, should be considered. This phase is called the
“gate fee prediction” and it is introduced in the next section.

2.2. Gate fee prediction

Estimating the facility gate fee, using the desired returns given
by IRR, is the foremost part of the whole methodology. We devel-
oped a “Flexi model” to help us here. A flexi model is a technical-
economic model of a WTE plant which integrates an adjustable
balance model of technology and a complex economic model. The
flexi model allows us to set various configurations of technologies
employed in modern incinerators, and then simulate the economic
outlook for the whole duration of the project, see Ref. [23].

In order to identify the dependency of gate fee vs capacity, it was
useful for us to apply a scenario-based approach. We used various
scenarios to outline the development of major parameters which
affect the project economy (energy costs, maintenance costs, etc.).
The scenarios are generated using geometric Brownian motion.
Real historic data, relevant to the location of the planned plant, are
used for the scenario generation. Individual parameters are
assumed to correlate with each other. We performed that many
simulations to guarantee convergence. It was measured by several
characteristic parameters of probability distribution (mean value,
variance, kurtosis, skewness). Results were used to construct a
histogram which displays the gate fee distribution. Fig. 5 gives a
concrete example for a particular capacity.

The results of most of the proposed and simulated scenarios
(Crer = 150 kt/y) show that the gate fee ranges from 107 to 121 EUR/
t. These values correspond with 5 and 95 percentile, and are dis-
played in Fig. 5.

30,000
25,000 H
by 20,000 - Percentile 5 HH H Percentile 95
& < ' <
qg’_ 15,000 - HH [ |
*- 10,000 - x f
m " m
5,000 - 8 F
0 TT \*f-ﬁ\—W L T T L T LI \_\'-Iilﬁ\ T T T T I—l
100 105 110 115 12( 125 130

Gate fee [EURI/t]

Fig. 5. A histogram of the gate fee distribution for a given capacity Crgr [23].

The simulations were repeated for various Crgr capacities
ranging from Cyn to Cuax (e.g. 50—400 kt/y in Fig. 6). A de-
pendency graph of gate fee vs capacity is constructed using point
estimates (Fig. 6).

The decreasing gate fee, together with an increasing capacity,
reflects lower specific investments cost per ton of processed waste.
This positive effect outweighs the negative effect of falling income
from heat delivery (if measured in GJ per ton of waste incinerated).
Our simulations in NERUDA also have to consider zero capacity (i.e.
the NERUDA tool will not recommend building the plant). Problems
with integer programming (switching between zero capacity and
Cmin—Cwmax interval) are overcome by an extrapolation close to zero
capacity with extremely high gate fees. Therefore capacities in the
range of 1-50 kt/y are never proposed.

Whereas two gate fee values related to 5 and 95 percentile for
specific Crer and IRR were presented in Fig. 5, these points are
converted into two capacity-dependent curves in Fig. 6. There is a
relationship between the gate fee and project profitability. There-
fore, we present two sets of results. One result where the lower IRR
of 8—10%, represented by the value 9%, is requested by a public
investor (e.g. municipal project), and the other for meeting a pri-
vate investor's requirements (IRR of 10—12%), represented by the
value 11%.

The results presented are valid for one location (one facility). In
order to simulate the competitiveness of the plant, the gate fee of
competing plants must be specified, i.e. a similar prediction must
be done for all locations. We introduced a financial plan for each
location, considered specific local aspects, and then generated the
gate fee curves. These enter the NERUDA calculation later on, when
we incorporate additional payments and fees, such as landfill tax

190
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Fig. 6. The dependency of the gate fee and capacity—gate fee curves.
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Fig. 7. Gate fees at various locations and environmental taxation — basic inputs for the
NERUDA tool.

and incineration tax (see Fig. 7), by which market competition in
waste management is simulated. The dependency of the gate fee
against the capacity is a result of the first step and serves as an input
for the competition modelling phase.

3. A simulation analysis for evaluating waste availability

Previous sections discussed conditions for the sustainable
operation of a WTE plant and gave an overview of associated risks.
One of the major risks is an adequate and constant supply of
municipal waste, i.e. waste availability. Waste availability is
mentioned in every paper which deals with risk analyses and WTE
project evaluation. However, none of these papers actually present
a principle for determining waste availability. This is obviously a
precondition for a quantitative risk assessment and any identifi-
cation of a risk's impact on the project's finances (using, for
example, an IRR indicator).

3.1. Waste availability and waste availability factor

We decided to formulate a new criterion called waste availability
factor (WAF), and to incorporate it in our methodology. This new
criterion helps quantify and display the effect that changes to
various parameters (such as capacity, landfill fee, and IRR) have on
waste availability.

Before we proceed to explain the calculation of the WAF, we
want to clearly define the parameters which are evaluated by the
NERUDA software:

e Crer — reference capacity. The capacity of the plant which is
subject to a risk analysis.

e (vax — Maximum project capacity. The maximum capacity is
identical with the value of CREF before individual iterations, and
is relaxed during the simulation analysis described in the
following section.

e Copr — optimum capacity — the calculation result obtained in
every calculation step. This is the sum of waste transported to
the plant from several subregions.

e mwa — waste availability — amount of waste produced within a
specific geographical area. This amount may be a subject-matter
of future negotiations between producers and processor. Both
the producer and the waste processor must agree on the cost of
waste processing (the gate fee), and only then can they enter
into a contract. The facility operator offers the cost of waste
processing, and the waste producer opts for the best price on the
market. In other words, waste availability is a sum of municipal

waste production in the municipalities which find the proposed
gate fee as the cheapest alternative.

e Waste availability factor (WAF) — the ratio between waste
availability and planned reference capacity Crgr; defined by
equation (1). The calculation of WAF is discussed as a simulation
analysis in the following section.

Wi = (M
REF
An example of the calculation is shown in Section 3.3 in addition
to a graphical representation of the parameters used to calculate
the WAF. The capacity Cggr is set before the calculation and the
capacity Copr is the optimum obtained from the NERUDA calcula-
tion for each scenario.

3.2. The basic principles for determining WAF

The simulation analysis is based on the tool NERUDA and pro-
vides us with a quantification of waste availability and/or WAF
criterion. Somplak [24] gives the basic principle of calculations in
NERUDA. A shortened description is as follows: The capacity of
existing projects is given. The optimum capacity Copr of all new
projects in locations (i) must be identified; the gate fee is related to
capacity via functions similar to Fig. 6. This principle is presented in
Fig. 8. The capacity of individual projects may be limited by Cyax.

We slightly modified the basic principle to accommodate the
risk assessment. Waste availability is analysed for a given capacity
(Crep)- The basic principle is governed by the following maxim:
waste is available if the waste producers have no cheaper alterna-
tive for processing their waste.

Calculations are commonly carried out as a stochastic simula-
tion, but for now we will not consider any scenarios. We present a
procedure for a simulation run (further marked as a point in Fig. 10)
which consists of the following steps:

e The capacity of an evaluated location is given as C = Crgr. The
gate fee (GFggr) is assigned to this capacity. The fee is fixed
throughout the calculation.

The gate fee is dependent on capacity (GF = f{C)) in other lo-
cations (competing projects). Capacity Copr is unknown (it is a
variable) and the gate fee is given by a gate fee curve as in the
basic calculation (see Fig. 6). The waste processing cost was
estimated using a technical-economic model for all waste pro-
cessing projects (see Section 2.2).

Wiaste availability at a fixed cost GFggr is analysed later. For now,
the capacity is unknown, the Cyax limit is relaxed (the capacity
is theoretically unlimited), and we search for the optimum
amount of waste mw that is available at this price. This optimum

190
170 Percentile 95, IRR 11%
£'150 N
14
2 Percentile 5, IRR 11%
W 130 -
o
& 110 -
o s NERUDA principle
& 90
70 == == Modified NERUDA
principle - WAF
50 T T T T T T 1

50 100 150 200 250 300 350 400
Capacity [ktly]

Fig. 8. NERUDA principles.



T. Ferdan et al. / Applied Thermal Engineering 89 (2015) 1127—1136 1133

amount is then defined as waste availability mya. The calcula-
tion scheme is illustrated by horizontal arrows in Fig. 8.
e The WAF is evaluated using equation (1).

If the waste availability mwsa is higher than the reference capacity
(Crer), the project is sustainable and complies with the requirements
for profitability, and the WAF is higher than 1. If the waste avail-
ability is lower than the reference capacity, the facility does not have
an adequate amount of waste at GFrgr fee (WAF is lower than 1, see
Fig. 9 and for more details Table 2). In order to obtain enough waste,
investors should expect a lower gate fee, which decreases their in-
come and consequently the returns too (IRR). We calculated WAF for
various IRRs so that we can demonstrate the dependency of waste
availability on project returns. This solution allows us to simulate
various types of ownership arrangement.

3.3. An example of WAF calculation

To clearly demonstrate how the calculation of WAF works with
NERUDA, we present a simple case study. The whole geographical
region (country, state, etc.) is divided into 41 nodes (municipalities,
cities, etc.), see Fig. 9. Each sub-region is characterized by its

Table 2

residual waste production, which at the same time represents
waste available for thermal treatment with WTE. The plant (the
subject of the risk analysis) is placed in node 8 in this particular
case, see Fig. 9. Its competitors are not displayed for simplicity. The
computation in NERUDA was carried out and we obtained results
from 500 simulations (various gate fees for other projects). We
present the results for two particular scenarios, see Fig. 9. The data
for those 2 scenarios are presented in Table 2.

In each scenario, the NERUDA tool proposed a collection area (see
Fig. 9). Waste from other sub-regions is treated in different facilities.
Following this, we the amount of waste transported to the facility.
This is amount is identical with the optimal capacity Copy, which was
provided by NERUDA. The WAF is then calculated using the equation
(1). The total waste transported to the facility in scenario 1 is lower
than the reference capacity, therefore WAF is equal to 0.80. In the
other scenario the amount of waste exceeds the reference capacity
and WAF is 1.28. The results are displayed in Table 3.

3.4. A stochastic simulation to determine WAF

Compared to the previous simplified example, we now wish to
present a more complex analysis here which incorporates various

Input data for calculating WAF as received from the simulation analysis using NERUDA tool.

Waste delivered to the

Transportation

Node facility cost Scenarios
Amount [t'y] Price [EUR/{] [EUR/t]
1 1,742 67.72 74
2 10,620 67.72 4.9
3 2,783 67.72 3.1
4 7,801 67.72 6.1
5 10,470 67.72 2.9 -
6 5,323 67.72 6.2 g .
7 4,120 67.72 56 g 5
8 12,521 67.72 0.2 @ g
9 5,398 67.72 4.5 s
10 51,384 67.72 3.7 E
13 4,534 67.72 6.7 g N
15 2,825 67.72 10.7 ;q", g
1 1,827 67.72 10.1 <
14 5,678 67.72 10.3 A
16 1,523 67.72 10.8
17 5,225 67.72 11.4
19 14,350 67.72 11.9
20 1,874 67.72 125
12 3,898 67.72 105
18 5,347 67.72 125
21 4,674 67.72 12.6
22 599 67.72 13.3
23 6,946 67.72 12.6
24 17,210 67.72 14.8
25 3,120 67.72 12.0
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Fig. 9. A graphical illustration of two proposed collection areas for two different scenarios.

Table 3

Waste availability factor calculation.
Parameter Total waste [t/y] Reference capacity [t/y] WAF [—]
Scenario 1 119,522 150,000 0.80
Scenario 2 191,795 150,000 1.28

uncertainties embodied in the scenarios. The capacity of the project
may not be decided at this stage of the project development, and,
therefore, it may be useful to analyse WAF for different reference
capacities Crgr. We simulated the scenarios where Crgr ranged from
100 to 350 kt/y (six scenarios, each with a 50 kt/y increment).
Likewise, legislation trends on landfill fees are also unclear as the
fees may range from 37 to 81 EUR/t (seven scenarios, each with an
8 EUR/t increment). In total, we simulated 42 scenarios (i.e. com-
binations of various capacity solutions and various landfill fees). We
simulated 500 situations for a particular scenario; the gate fee from
a predefined interval was randomly generated for all projects (see
Section 2.2).

Fig. 10 displays the sensitivity of average WAF to the changing
capacity Cger. The results are valid for a 75 EUR/t landfill fee. Two
options for desired returns were evaluated: IRR ranging from 10 to
12%, and 8—10%. The results are presented further.

The project with lower IRR requirements (an IRR of 8—10%)
produced better results for all capacities compared to requirements
for higher returns (an IRR of 10—12%). The waste availability factor
rises along with the rising capacity for both IRRs, see the graph in
Fig. 10. The project has enough waste, obtained at a gate fee cor-
responding to 8—10% IRR, if capacities exceed 150 kt/y. However, a
further increase in capacity does not result in an increase in WAF.
The advantages of higher gate fee are outweighed by the need for a
larger waste collection area and higher transportation costs.
Competition from other plants also becomes fiercer as the waste
collection area enlarges. Compared to the reference capacity (Crgr),
the project has a capacity reserve of roughly 25—30% for capacities

exceeding 150 kt/y. If the investors require higher returns (IRR of
10—12%), the analyses prove that the waste availability at a given
reference capacity (Cggr) is inadequate for all scenarios. A facility
with capacities exceeding 200 kt/y has only 80% of the required
waste available.

Since the calculations were carried out in a stochastic model, we
may analyse the results in greater detail. Let us now focus on ca-
pacity Crer = 150 kt (see the black points in Fig. 10). Fig. 11 displays a
histogram of the amount of available waste (mwa) which was
calculated in particular simulation runs. The results of waste
availability at IRR = 10—12% clearly show that most of the simu-
lations (95%) estimate that the waste availability for Crer of 150 kt/y
will be lower than the reference capacity; only 5% of simulations
estimate sufficient amounts of waste. These values correspond with
an average waste availability factor of ca. 0.4 (see Fig. 10).

We constructed a similar histogram for IRR = 8—10% (see
Fig. 12). Most of the simulations (81%) proved that there is enough
waste available. The rest of the simulations (19%) showed a lack of
available waste. Incidentally, the two scenarios mentioned in
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Fig. 10. The dependency of average WAF and reference capacity.
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Fig. 11. A histogram of waste availability for IRR of 10—12%.

Section 3.3 are displayed in Fig. 9 as well. Here we may analyse
risk factors and/or a set of boundary conditions affecting the
results.

The results proved that if the plant had insufficient amounts of
waste (WAF lower than 1), a relatively small decrease in gate fee
(lower requirements on return of investments) significantly
increased the probability of meeting the capacity (i.e. having suf-
ficient amounts of waste). This gate fee — waste availability de-
pendency is unique for each project, and reflects concrete locations
and competition in the close vicinity of the plant.

3.5. The impact of other parameters on WAF

An assessment into the impact of a particular parameter is a
different type of simulation results analysis. Fig. 13 displays the
dependency of waste availability and landfill tax. The results were
calculated for a reference capacity (Crgr) of 150 kt/y. Again, we
analysed two options for potential returns: an IRR of 10—12%, and
IRR of 8—10%. The decrease in waste availability for 81 EUR/t landfill
tax is caused by tough competition from other projects, especially
those based on mechanical-biological waste treatment technolo-
gies. The results presented in Fig. 13 are average values of all sim-
ulations with relevant boundary conditions (scenarios).

For returns higher than 10%, waste availability is very low (max.
factor of 0.4) even for a landfill tax fee of ca. 75 EUR/t. If returns
drop below 10%, waste availability is satisfactory for a landfill tax
rate of ca. 63 EUR/t. If the landfill tax equals 75 EUR/t, the project
has a ca. 30% waste reserve above the reference capacity Cggr. The
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Fig. 12. A histogram of waste availability for IRR of 8—10%.
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Fig. 13. The dependency of WAF and landfill tax.

results may again be analysed in greater detail (as for Figs. 11 and
12). We may identify the factors which impose a risk on waste
availability and economic sustainability. We shall deal with these
issues in the following section.

The previous parts of the text discussed the relationship be-
tween the gate fee and waste availability. Many other risks are
associated with the gate fee. The project must be successful, and for
example an increase in operational costs must be compensated
with an increase in income. The gate fee, therefore, reflects a certain
scenario and must provide the project with a sufficient amount of
waste. The scenario is a combination of developing parameters (risk
factors) which may impose a risk on the project.

4. Conclusion

In this paper a novel methodology was proposed for a complex
analysis of risks associated with limited waste delivery. The
formulated methodology comprises three steps, which are logically
linked and make up a thorough system.

The first step in this methodology is identifying the dependency
of the gate fee in relation to the capacity for several facilities. These
are derived from complex techno-economic models addressing
technology- and locally-dependent parameters.

A major element and important computational tool is the soft-
ware NERUDA, which is used for simulating waste flows, allocating
processing capacities and determining collection areas (step two).
The subject of the calculation is a particular region. Regarding its
application, the basic features of NERUDA were introduced.

The last step in our proposed methodology comprises a simu-
lation analysis. The algorithm of the analysis was formulated in
Section 3. It is based on the repetitive use of NERUDA tool in order
to properly simulate the waste market competition. The collection
areas were proposed for relaxed project capacity. The new term
waste availability factor was defined, which is later used as the
main criteria for risk evaluation. The evaluation of this factor is first
comprehensively demonstrated for two particular scenarios.
Finally, the results of a complex stochastic-based analysis are pro-
vided which incorporated various uncertainties embodied in the
scenarios. This was done in order to justify the practical implica-
tions of this approach.
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ARTICLE INFO ABSTRACT
Keywords: Trends in the treatment of municipal solid waste are changing worldwide. In the European Union, one of the
Waste management planning largest economies in the world, the waste treatment and management among the member states vary signifi-

Circular economy

Multi-stage optimization

Sustainable processing infrastructure
Renewable energy

Waste-to-energy

cantly. To support and promote environmentally friendly waste management, the European Union issued di-
rectives commonly called the Circular Economy Package. This legislative is designed to accelerate the transition
to a cleaner future. It gives an obligation to member states to meet specific landfilling and recycling targets. To
reach these ambitious goals will be a challenging task, especially for the member states with less developed waste
management systems. An approach using multi-stage stochastic programming is suggested for solving such a
problem. The developed model considers current material recovery rates and trends in municipal waste, while
uncertain waste production is forecasted by possible scenarios. The model enables sequential decision-making
and assessment of various strategies for different future scenarios with specific years, locations, technologies
and capacities for the establishment of the waste processing infrastructure. The utilization of the model and its
computational tractability is demonstrated in a case study of the Czech Republic.

fuels which still cover most of the global energy production [6]. Waste
incineration is not available in many developing countries (except in
countries with fast-growing economies such as China, Malaysia, etc.) for
the following reasons [7]:

1. Introduction

Sustainability of human activities is evaluated by three basic aspects:
economical, environmental and social. Sustainable development is
highly influenced by municipal solid waste (MSW) treatment [1]. In the
European Union, the preferred ways of waste treatment are defined by
Waste hierarchy, which is anchored in the directive [2]. Waste man-
agement is a very complex task, which encompasses the whole process of
waste handling: waste collection, transportation, eventual adjustment
and final treatment. Different phases of waste handling are linked with a
great variety of technological options and waste management methods.

Population growth, urbanization, and the changing lifestyle of peo-
ple in developing countries are connected with an increase in the pro-
duction of waste worldwide [3]. If the waste cannot be recovered
materially, the next preferred way of treatment is energy recovery [4].
Waste management sustainability can be supported by the utilization of
hidden potential in waste, which is one of the most significant future
renewable energy source [5]. It presents one of the alternatives for fossil

e high initial and operating costs,
e unfavorable waste composition,
e lack of technical knowledge,

o availability of easy landfilling.

In developed countries (EU, US and Japan), the waste incineration
for energy production is one of the common waste treatment options [8].
The Waste-to-Energy (WtE) facilities have quite lower emissions
compared to electricity production facilities from fossil fuels (except
natural gas), and help to reduce further greenhouse gases emissions from
landfills [9]. The increase in the utilization of WtE plants in the EU is
expected in the view of strict limitations of waste landfilling that should
follow from the passed legislation.

In order to reinforce interventions that change -currently
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List of abbreviations, units and nomenclature

Abbreviation Definition Notes/Case study values

MSW municipal solid waste

EU European Union

us United States

WLE waste-to-energy

CEP Circular Economy Package

MBT mechanical biological treatment

BAU business as usual

EUR Euro

kt kilotonne

5,2 Indices for scenarios s,z € {1,..., 27}

i Index for citiesi € {1,..., 206}

j Index for routes between the cities j € {1,..., 1898}

t Index for periods t € {1,..., 11}

T Index for decision stages 7 € {1, 6, 11}

obyp Set of possible options for WtE plants in city i; For every
city i, there are 9 options (these can differ between cities).
These options have different capacities and treatment
costs, based on the analysis of the candidate locations in
the individual cities

olypr Set of possible options for MBT plants in city i; For every
city i, there are 9 options (as in the WtE case discussed
above)

kf"w . The capacity of the options for the WtE plant in city i

kf);l . The capacity of the options for the MBT plant in city i

W‘ch),w ; Treatment cost of the options for the WtE plant in city i

MBch);d . Treatment cost of the options for the MBT plant in city i

c Landfilling cost in city i; Assumed static (not developing in
time), around 70 EUR/t

c’}; Shipping cost on arc j; Assumed static, 0.12 EUR/(t-km).
The cost of fuel did not show any significant trend in the
past years. If it were the case, the augmentation of the
model by adding time-dependent shipping costs would be
quite straightforward.

fﬁ\s Amount of produced MSW that requires treatment in city i,
the time period t, scenario s; The most important stochastic
parameter that was considered in this study. The scenario
branching considers possible demographic and societal
changes that affect the MSW production in individual cities

flm_s Progression of MSW production up to time period t, city i,

= (& 08 G); “Dummy”
parameters used in the nonanticipativity constraints

AY Incidence matrix of the road network

penwx:  The penalty for unused WtE capacity penyz = 0.8; This

rather high penalty value ensures that the installed waste

treatment facilities are properly utilized

The penalty for unused MBT capacity penypr = 0.8; Same

as above

K The ratio of MBT treated MSW that needs to be landfilled

k = 0.4; Assumed static (no significant technological

breakthroughts during the planning period) and

independent of the MBT option

The total amount of MSW generated in the whole region/

country in time period ¢, scenario s

Ds The probability of scenario s; In the case study, all the

scenarios had the same probability

Target values for the amount of landfilled MSW g; = 0.3,

& = 0.27g3 =0.1

scenario s, i.e. &

penmsr

MSW,

81,82,83

x{_s Flow on the arc j, time period t, scenario s; Real
nonnegative variable

Wy Building the WtE plant in city i, with option o, in
decision stage 7, in scenario s; Binary variable
m; 7 Building the MBT plant in city i, with option o, in

decision stage 7, in scenario s; Binary variable
iol . o e e . . i
Wikp W& Amount of MSW treated in WtE in city i, with option o}z,
in time period t, in scenario s; Real nonnegative variable
i0f . . . . . . i
MBTp M7 Amount of MSW treated in MBT in city i, with option 0},
in time period ¢, in scenario s; Real nonnegative variable
Amount of MSW landfilled in city i, in time period t, in
scenario s; Real nonnegative variable
i,0f o o e .
Wiy, "¢ Amount of unused capacity in WtE in city i, with option
0l in time period t, in scenario s; Real nonnegative
variable
i,0f e s o e e .
MBTy, st Amount of unused capacity in MBT in city i, with option
olgr, in time period t, in scenario s; Real nonnegative

variable
f Index for waste fraction
RRy¢ recycling rate for waste fraction f
MAT; amount of materially recovered waste fraction f
SEPy amount of separated waste fraction f

unsustainable practices, the existing policies and legislation need to be
reformed [10]. The trend in developed countries leads from the linear
economy system to a circular economy. The impact of these legislative
changes is an essential factor in waste management models. For
example, the legislation induced changes on the gate-fee of and WtE
plant were investigated in the paper [11]. To ensure the smooth tran-
sition to the circular economy in waste management, it is necessary to
solve the complex tasks taking into account the different ways of waste
handling and production forecasts. This contribution presents a
multi-stage stochastic model as a support tool for the decision-making
process. The approach is presented on the real data from the Czech
Republic, which represents the country in the transition process from
linear to the circular economy.

2. Literature review and theory

Waste management is a dynamically developing area that is

currently subject to several changes that were outlined above. Within
waste management, it is necessary to address the strategy of waste
collection, waste transport and finally its treatment. The sustainability is
measured along the triple bottom line [12]: economic, environmental
and social impact. The following text is devoted to the literature review,
which is divided into thematic parts with the final evaluation of the
research gap.

2.1. Circular economy

In recent years there has been an effort to move from a linear
economy to a circular economy. These tendencies arise worldwide,
mainly because of the limited capacities of primary sources and envi-
ronmental pollution. The study [13] pointed out that current trends in
the circular economy are built on research into resource efficiency [14].
The paper [15] formulated ten common circular economy strategies:
recovery, recycling, repurpose, remanufacture, refurbish, repair, re-use,
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Table 1
The targets anchored in the Directives within CEP.

Action Source Waste stream 2025 2030 2035
Recycling/reuse Directive (EU) Municipal solid ~ 55% 60% 65%
(minimum) 2018/851 [18]; waste
Directive (EU) Packaging 65% 70%
2018/852 [19]; waste
Packaging 75% 85%
paper
Packaging 50% 55%
plastics
Packaging glass ~ 70% 75%
Packaging 70% 80%
ferrous metals
Packaging 50% 60%
aluminum
Packaging 25% 30%
wood
Landfill Directive (EU) Municipal solid 10%
(maximum) 2018/850 [20]; waste
Reduction Directive (EU) Food waste 30% 50%
(minimum) 2018/851 [18];
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Fig. 1. Municipal waste recycling in the year 2017 and recycling targets
(Eurostat, 2019 [21]).
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Fig. 2. Municipal waste landfilling in the year 2017 and the landfilling
limit [21].

reduce, rethink, refuse. The aim is to maintain the value of the product
for as long as possible to exploit its maximum utility. The principle is in
the closing loops of products, product parts and materials. The transition
from a linear to a circular economy brings with it a range of practical
challenges for policies and companies. The paper [16] developed a
framework of strategies to guide designers and business strategists in the

Renewable and Sustainable Energy Reviews 132 (2020) 110058

move from a linear to a circular economy. The transition to a circular
economy will be reflected throughout the production chain. Three basic
principles characterize the circular business model: closing, slowing and
narrowing resource loop. However, the measurement and assessment of
circularity performances are not yet a common practice in companies.

The transition to a circular economy requires actions and legislative
intervention. Turning waste into a resource is an essential part of
increasing resource efficiency and closing the loop in a circular econ-
omy. In 2018, the European Commission accepted the Circular Economy
Package (CEP) with the stated goal of “closing the cycle” of the product
life cycle. It seeks to establish an action program with measures covering
the whole cycle from production and consumption to waste manage-
ment and the secondary raw materials market [17]. According to the
CEP, the aim is to minimize waste so that once a product reaches the end
of its life, its materials will be kept within the economy for as long as
possible. What was previously considered as “waste” is therefore
transformed into a valuable resource. The EU member states must
incorporate directives included in the CEP into national legislation.

The targets included in the CEP are summarized in Table 1. The
recycling targets set a minimum percentage of recycled or reused
wasted, and they deal with both general municipal solid waste and
particular packaging waste. The next important milestone is landfill
restriction at maximal 10%, which will come into force in 2035. CEP
also addresses the issue of prevention by means of food waste reduction.

The assessment of the current situation (in 2017) for European states
is illustrated in Fig. 1 and Fig. 2. Fig. 1 shows the current waste recycling
of 32 states in relation to the desired targets. On average, only 46.4% of
MSW is recycled by the 28-EU Member States. The only country that
currently meets the strictest target set for the year 2035 is Germany.
Unfortunately, most countries are not very close to these recycling tar-
gets at present. The Czech Republic, as a representative of countries in
the transition process from linear to the circular economy, recycles
approximately 34% of MSW (red color in Fig. 1).

Alongside the recycling targets, the member states also have to react
to the landfilling restrictions. A total of 11 countries already meet the
landfilling limit, see Fig. 2. On average, EU-28 Member States landfill
currently 23.4% of waste.

It is important to consider the different levels of development of
individual EU member states and their starting position. In some cases,
which are specified in the relevant Directives, a member state may
request that the deadlines be postponed. The Czech Republic ranks in
both the recycling and landfilling somewhere in the middle of the EU-28
countries. There has been a lack of financing in the Baltic countries to
promote and operate waste incineration. Their first goal after joining the
EU was to avoid dumping at uncontrolled sites and to meet the EU
standards. Later on, Estonia has become the most advanced of these
countries in terms of waste avoidance and recycling in the capitals, and
it is ranking top even in the whole EU. The construction of WtE and MBT
plants has shifted total landfilling drastically [22]. On the other hand,
Poland, which is the neighbor of the Czech Republic, still has problems
securing the real values of waste production. It is caused by existing gaps
in landfill weighting or illegal dumping. Poland is also in the middle of
the EU countries regarding landfilling, but its WtE sector has been
evolving dynamically in the recent years in contrast to the Czech Re-
public, where new projects are waiting for greater legislative support.

Croatia, as the southern country from the EU, still landfills a signif-
icant amount of the MSW. Even though it has recently adopted the na-
tional Waste Management Plan 2017-2022, its implementation is
delayed. Reaching the targets from the CEP will require substantial in-
vestment in waste infrastructure. So far, the investments and plans have
not been efficient, causing the future overcapacity of MBT plants. The
waste hierarchy has not been properly followed, and responsibilities
among authorities were not in line with each other. One of the proposed
changes is to focus on bio-waste, its composing and separation at source.
Waste management centers in operation are costly and not the best
option available since it only increases landfilling and produces low
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quality refuse-derived fuel [23]. The performance of the EU-28 countries
has been compared in detail [24]. The degree of transition to the circular
economy is measured by defined indicators considering waste produc-
tion, material reuse or recycling and their correlation with Growth Do-
mestic Product has been proven.

In response to CEP, EU member states will make efforts to reduce the
amount of landfilled MSW. Where possible, MSW is used for material or
energy recovery. MSW treatment methods over the period 1995-2017
are illustrated in Fig. 3 for the EU-28 countries. Waste prevention is not
reflected in historical data, although it is the most preferred method by
Waste management hierarchy [2]. There is a clear trend in landfill
reduction in the long-term. Despite the objectives of maximizing recy-
cling, a direct transition from landfill is not possible without interme-
diate steps in the form of WtE, which plays a not negligible role in the
circular economy [22]. Different WtE processes were clearly assigned to
options in the waste hierarchy ladder [25]. However, there are concerns
about undermining the waste hierarchy with respect to new incineration
plants.

Table 2
Waste management tasks, data types and solution methods of the selected works.
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2.2. Waste management tasks

Waste management is concerned with adapting existing infrastruc-
ture to create a satisfactory and sustainable system. Most tasks from
waste management can be classified into the following categories:

Waste collection and transport play an important role in the pro-
cessing chain. Waste collection routes are the output of vehicle routing
models. Because of the computational complexity, heuristic solutions
are often used [26]. Most often, the minimum travel cost is the aim of
optimization [27].

Location problems search for the optimum placement of new waste
treatment facilities [28]. Also, the optimal location of transfer stations
[29] and the deployment of waste collecting bins in the cities [30] fall
into this category. There are several methods used to solve the location
problems, among which are the overlay technique [28] and
mixed-integer programming approaches [31].

Allocation problems deal with waste streams from producers to
processing sites [32].

Facility design addresses all technological obstacles of individual
subsystems. The aim is to dimension the facility so that it can process
waste from the appropriate collection area [33].

The collection of MSW is highly dependent on the development level
of the country in question [34]. While informal recycling and manual
labor for collection and transportation of MSW are common practices in
developing countries [35], in developed countries mechanical collection
systems [36] of segregated MSW are more commonly practiced [37].

An extensive review of models for supply chain systems was pre-
sented by Ref. [38]. Collection and transportation represent a consid-
erable part of the cost within the waste management system. For
example, in India, which represents developing countries, the collection
and transportation cost is estimated at 70-85% [39]. But collection and
transportation costs are significant also for developed countries, e.g. in
Sweden, they amount to 50-75% of waste management cost [40].

Transfer stations are often used to support waste transportation for
long distances. Approaches for selection of appropriate transfer station
locations include spatial multi-criteria analysis [41], interval optimiza-
tion [42], multi-objective stochastic programming [43], and GIS-based

Task Data type Solution method
Collection Location Allocation Design Deterministic Uncertain
Badran et al., 2006 [31]; v v MIP
Benjamin et al., 2010 [59]; v v Heuristic
Boonmee et al., 2018 [55]; v v v Heuristic
Cebi et al., 2016 [57]; v v Hybrid model
Chatzouridis et al., 2012 [45]; v v v MIP
Cheng et al., 2003 [32]; v v v MIP
Das et al., 2015 [27]; v v Heuristic
Gambella et al., 2019 [63]; v v MIP
Ghiani et al., 2012 [30]; v v v Heuristic
Ghose et al., 2006 [39]; v v Energy consumption
Hrabec et al., 2019 [65]; v v v MIP
Hu et al., 2017 [49]; v v MIP
Jin et al., 2019 [33]; v v Fuzzy linear programming
Kim et al., 2005 [58]; v v Heuristic
Kudela et al., 2019 [43]; v v v MIP
Li et al., 2008 [66]; v v Fuzzy MIP
Li et al., 2009 [67]; v v Inexact fuzzy stoch.
Li et al., 2012 [64]; v v Fuzzy-stoch. Quadratic programming
Lopez et al., 2008 [56]; v v Metaheuristic
Randazzo et al., 2018 [62]; v v GIS, multi-criteria analysis
Sonesson, 2000 [40]; v v Mechanistic approach
Tung et al., 2000 [26]; v v Heuristic
Yadav et al., 2016 [68]; v v MIP
Yadav et al., 2018 [29]; v v Interval programming
Yousefi et al., 2018 [28]; v v Index overlay method
Zhao et al., 2016 [53]; v v v MIP
this work v v v MIP
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Table 3
Optimization criteria and decision stages of the selected works.
Criteria Optimized part of the waste management chain Objective function Stage
Economical Environmental Social Single Multi One Multi

Badran et al., 2006 [31]; v Collection stations v v

Benjamin et al., 2010 [59]; Number of vehicles Collection v v

Boonmee et al., 2018 [55]; v v Composting, recycling, land. v v

Cebi et al., 2016 [57]; v MBT v v
Chatzouridis et al., 2012 [45]; v Transfer station v v

Cheng et al., 2003 [32]; v v v Landfill v two
Das et al., 2015 [27]; v Transfer station, treatment facility, recycling, composting v v

Gambella et al., 2019 [63]; v Treatment facility v two
Ghiani et al., 2012 [30]; Number of collection sites Bins v v

Ghose et al., 2006 [39]; v Collection v v

Hrabec et al., 2019 [65]; v Waste reduction v two
Hu et al., 2017 [49]; v v WtE v two
Jin et al., 2019 [33]; v v WHE, land. v v

Kim et al., 2005 [58]; Traveling time, number of vehicles Collection v v

Kudela et al., 2019 [43]; v v Transfer station v two
Li et al., 2008 [66]; v Unspecified ways of treatment v two
Li et al., 2009 [67]; v Composting, recycling, land. v v
Li et al., 2012 [64]; v v Composting, recycling, land. v v
Loépez et al., 2008 [56]; v Biomass power plant v v

Randazzo et al., 2018 [62]; v v v Land. v v

Sonesson, 2000 [40]; Energy consumption Collection v v

Tung et al., 2000 [26]; v Collection v v

Yadav et al., 2016 [68]; v Transfer station v v

Yadav et al., 2018 [29]; v Transfer station v v

Yousefi et al., 2018 [28]; v Land. v

Zhao et al., 2016 [53]; v v MBT v v

this work v WtE, MBT, land. v v

technologies [44], which can also be used together with binary opti-
mization [1].

Based on the Waste hierarchy, landfilling is the least desirable way of
waste treatment. Yet it still prevails in many countries, even in devel-
oped EU countries (as depicted in Fig. 2). However, current trends are
gradually reducing landfilling and waste is largely used for material or
energy recovery. A recent review of the WtE technologies can be found
in the studies [46], which considered bio-waste, and [47], where the
authors also consider the utilization of landfill gas for power production.
The paper [48] reported that energy recovery from waste is an integral
part of an environmentally sustainable waste management strategy. The
contribution [49] developed the model for WtE location based on sto-
chastic parameters considering economical and environmental criteria.

Recent studies [50] emphasized other advantages of incineration
(apart from volume reduction and electricity generation) such as the
utilization of bottom and fly ash of incineration plants in road con-
struction and cement production, and recovery of ferrous and
non-ferrous substances. This suggests that the technological develop-
ment in metal recovery from dry bottom ash of incineration plants will
enhance the acceptance of WtE facilities [13]. The study [51] reported
on the average recoverable energy contents (in terms of electrical energy
efficiency) of the different components of MSW using different WtE
technologies. It was found that anaerobic digestion is the best-suited
WtE option for food and yard wastes, while gasification is the best
WLE option for treating plastic wastes. Incineration was found to be an
attractive option amongst all the waste streams, as it can be used for
energy recovery from all the reported waste streams. Other types of
wastes, such as inert, metals, glass, etc., were not considered in the
abovementioned study.

The study [52] focused on a Life cycle assessment of four waste
management strategies in the municipality of Rome (Italy): landfill
without biogas utilization; landfill with biogas combustion to generate
electricity; sorting plant which splits the inorganic waste fraction from
the organic waste fraction; and direct incineration of waste. Results,
which they claim to be useful for most of the big European cities, show
landfill systems as the worst waste management options and significant
environmental savings at the global scale are achieved from undertaking

energy recycling. Furthermore, waste treatments finalized to energy
recovery provide an energy output that could meet 15% of Rome elec-
tricity consumption (in one of the considered case scenarios).

In the United States, for example, about 13% of power is generated
from alternative electricity-production sources; of this fraction,
approximately 11% of the alternative production is the contribution of
biomass [53]. However, the high costs of biomass power generation, as
well as the unreasonable distribution of biomass power plants [54] have
led to an insufficient feedstock supply and some of the environmental
issues hindering this industry from further development. Models can be
targeted to exceptional situations such as in post-disaster waste man-
agement [55].

The types of waste management tasks for contributions mentioned in
the literature review text are summarized in Table 2.

2.3. Optimization models

2.3.1. Single-criteria vs. multi-criteria models

When solving waste management tasks, models are often limited to
just one criterion, in most cases total costs. The contribution [56] dealt
with a suitable location for biomass power plant with minimum cost,
where the model was solved using metaheuristic. Also [57] searched the
location for a biomass power plant but with the fuzzy input information.
The study [26] presented modified Solomon’s insertion algorithm to
solve the vehicular routing problem. The objective function sometimes
minimizes other value, such as traveling time [58] or vehicles number
[59].

The multi-criteria models consider not only the costs but also the
environmental problems and social affairs that correspond to the
different decisions [60]. The public acceptance of MSW treatment fa-
cilities can be largely driven by the social and cultural perception of the
positive impact of resource recovery processes and facilities in the
community. If they are perceived to foster climate change mitigation,
and address local deficiencies or inefficiencies, such as employment,
energy and fertilizer shortages, these are highly accepted by the com-
munity (especially in rural areas where jobs and energy supply are of
greater concern) further enhancing socio-economic processes and
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Fig. 5. Material recovery of MSW in the Czech Republic in 2017.

improving the human, social and cultural capital [61]. The operation
research perspective on the strategic decision-making that takes place in
designing sustainable systems was carried out [38]. The authors found
that the economic and environmental aspect of the decision-making
outweighed the social aspects in the majority of recent studies. One of
the studies [32] that took into account economic, environmental and
social impacts, where the authors created a comprehensive approach for

landfill location and also dealt with waste stream allocation in the city of
Regina (Canada). Similarly, the paper [62] developed an approach for
landfill location in Sicily by multi-criteria analysis. The environmental
assessment of the site of the landfill was discussed in the study [28]
using an index overlay method.
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Table 4

Recycling rates for the different waste fractions in 2015.
Waste fraction f RRy¢
Bio-waste (including food waste) 0.91
Bulky Waste 0.17
Glass and glass packaging 0.90
Metal and metal packaging 0.87
Paper and paper packaging 0.90
Plastic and plastic packaging 0.89
Textiles and clothing 1.00
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Fig. 7. Forecasting of material recovery in the Czech Republic under current

conditions and scenario for targets fulfilling.

2.3.2. Single-stage vs. multi-stage models

The dynamic nature of the decision-making process is best captured
in the use of models with several decision stages, that correspond to
successive instances in time. Whereas single-stage models are best-
suited to situations, where the corresponding model data are static (do
not change over time), multi-stage models are more appropriate for
dynamically changing environments. The difficulty with multi-stage
approaches lies in an increase in computational and modelling
complexity. As can be seen in Table 3, most of the relevant literature
focuses on single-stage models. A sort of an intermediate step between
the single-stage and multi-stage models is the two-stage model. In this
setting, typically the “important decisions”, such as facility locations and
their design, are made in the first stage of the model. The second stage
than serves to assess the impact that the “important decisions” will have
in time. This approach was used in the study [63], where the authors
describe a stochastic two-stage multi-period stochastic optimization
model for the allocation of waste flows. Similarly, the two-stage model
was used in a robust setting for a selection of WtE facilities [49] and in a
stochastic setting for a design of a transfer station network [43]. The
only work that presents a proper multi-stage model was the one [64] for
bi-objective waste allocation in a fuzzy optimization setting.

2.3.3. Deterministic vs. uncertain models

A similar dichotomy, as the one between the single-stage and multi-
stage models, exists in the approaches to the considered data of the
model. When modelling a static situation with very little data variation,
the deterministic approaches are the most sensible ones (and the ones
most widely used). However, when the system that should be managed
is dynamically changing and there are multiple possible paths of
development, uncertain models are the most reasonable choice. This
naturally means that there are very few contemporary works that are in
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Fig. 8. Scenario branching. Red scenario (1) — BAU, blue scenario (10) — middle, green scenario (19) — on target. Aggregate data for the whole republic. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

a multi-stage setting with deterministic data. Three major approaches
try to deal with uncertainty in the data: fuzzy programming, robust
programming and stochastic programming. Fuzzy programming was
used for waste allocation [33] and facility design [64]. Robust pro-
gramming was used for waste reduction [65] and a bi-objective selection
of WE facilities [49]. Stochastic programming approaches were used in
transfer station planning [43] and waste flow allocation models [63].

2.4. Research gap and novelty

Most contributions deal with setting up individual parts of the pro-
cessing chain. There are also papers with a comprehensive approach to
waste management, but the sequence of steps with regards to time is
often disregarded. The dynamical decision-making process that is
enabled by the multi-stage models increases the likelihood of a suc-
cessful deployment of the system, compared to radical changes that
correspond to the one-stage models. Since the legislation-induced
changes that are coming into effect will significantly alter the produc-
tion of MSW and its possible treatment options, this dynamic setting is
well justified. This paper presents a stochastic multi-period and multi-
stage model that captures the planning and decision-making process of
selecting the locations and sizes of waste treatment plants, and the
subsequent waste flow allocation. Sequential decision-making during
the time horizon represents a significant benefit of the model. Despite

the complexity of the model, it remains computationally tractable even
for real-world instances, which is demonstrated in a case study of the
Czech Republic. The approach represents a suitable supporting mathe-
matical apparatus for the “smooth” transition from linear to the circular
economy.

3. Multi-stage stochastic optimization model

The presented optimization model falls into the category of multi-
stage multi-period stochastic mixed-integer optimization models.
There are several monographs dedicated to stochastic programming,
with [69] offering the standard more theoretical treatment, and [70]
with a more hands-on modelling focus. The goal is to select the optimal
locations and sizes of waste treatment facilities in selected cities. Two
types of facilities are considered: WtE plants where the waste is incin-
erated to produce heat and electricity, and mechanical biological
treatment (MBT) plants where the MSW is sorted and then either treated
with anaerobic digestion or landfilled (the proportion of MBT that needs
to be landfilled is denoted as «). The relationship between the size and
cost of treatment in a facility is not simply linear. To model it efficiently,
the sizes of the facilities can be chosen only from a predefined set of
values. In this way, the linearity of the model can be preserved, although
at the cost of introducing new binary variables.

The objective function is purely economical and expresses the ex-
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Table 5
The results of the computations. (PG — progressive goals).
year 2025 year 2030 year 2035
with without with without with without
PG PG PG PG PG PG
max landfilling 29.85 40.15 19.92 38.57 10 10
[%]
mean 21.03 31.61 13.25 26.65 7.35 8.78
landfilling
[%]
max # of new 9 0 6 0 5 16
facilities
mean # of new 9 0 2 0 1.89 10.66
facilities
mean installed 981 741 981 741 1099 1074
WHLE capacity
[kt]
min used WtE 100 100 100 100 72.31 79.14
capacity [%]
mean used WtE 100 100 100 100 97.14 96.69
capacity [%]
mean installed 600 0 883 0 890 822
MBT
capacity [kt]
min used MBT 100 - 100 - 76.30 69.15
capacity [%]
mean used 100 - 100 - 96.33 96.80
MBT

capacity [%]

pected costs of the whole waste treatment system over the considered
time period (transportation costs, gate fees at the WtE and MBT plants,
penalties for unused capacity, and landfilling fees):
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The constraints can be grouped into a few categories. The first one
comprises of the “conservation of mass” constraints, which enforce that

the waste generated in or shipped into city i is either shipped away or
disposed of (through one of the treatment options):

Z Aijx]t"x _ Z WzEr:':;f'VVrE _ ZMBT,,:::_'},:BT _ er.s + éi.s -0,
/ % OysT
Vi, Vt, Vs.
(2)
Another set of constraints restricts building new facilities. If there
already is a facility of the given type (WtE or MBT), another one cannot
be built:

Zzwiﬁlw'f <1, ViVs, 3)
Oy
ZZmij""T <1, ViVs. 4

Next are the constraints that compute the amount of used and unused
capacity in the waste treatment facilities in different cities:
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Fig. 9. The volume of MSW treated by the different options in 2025-2035. Solution with progressive goals on the left, the one without progressive goals on the right.
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Year 2025 Year 2025

Fig. 11. Scenario 1. Solution with progressive goals on the left, the one without progressive goals on the right. The amount of generated MSW in blue, amount
landfilled without pretreatment in green, amount treated in WtE plant in red, and the amount treated in MBT plant in black half-circles. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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Lastly, there are the nonanticipativity constraints. These constraints
guarantee that the decisions on building the facilities only depend on the
information of realized uncertainties up to the present stage:

The penultimate set of constraints consists of the targets for the
amount of landfilled MSW:

SO{ H eSS ) < g MW, o Wil = WM, i, Ve for which &, = &, (10)

J (I;WBT
ViVs,t=1,...,5, meME = mii" i, o for which &, = & an
It should be noted that the number of cities, scenarios, time periods,
Z Li 4 K_ZMBT r:‘_v:fwr < g MSW,, decision stages and target values that are present in Table 2 and Eq (1)—
7 ’ o (8) Eq (11) are the ones used in a forthcoming case study. These can be
Vi, Vs, =6, ..., 10, readily generalized to take any values depending on the situation at

hand.

10
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Fig. 12. Scenario 19. Solution with progressive goals on the left, the one without progressive goals on the right. The amount of generated MSW in blue, amount
landfilled without pretreatment in green, amount treated in WtE plant in red, and the amount treated in MBT plant in black half-circles. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)

4. Case study

To demonstrate the strengths of the presented model, it is employed
in the assessment of the waste treatment situation in the Czech Republic.
The granularity of the case study is the following: 206 cities, connected
by a road network with 1898 arcs are considered. Out of the 206 cities,
13 were selected as the most favorable locations for possible WtE and
MBT plants. These are the largest cities in their respective regions, which
can benefit the most from the electricity and heat generation by the
waste treatment facilities and have the largest production of MSW. In 4
of the 13 cities, there already are existing WtE plants with a combined
capacity of 741 kt. It is assumed that in these four cities, no additional
WLE capacity can be built (although it is possible to build a new MBT
facility). There are nine options for possible sizes of the WtE and MBT
plants.

The considered planning period covers 11 years, from 2025 to 2035.
The reason for the gap between the current year (2020) and the first
period is the following — both the WtE and MBT facilities cannot be build

11

overnight. It is assumed that for a facility to be fully operational in a
given year, the decision for its construction must be made five years
prior. This necessarily means that this decision will be based not so
much on the current levels of the MSW production, but on an estimate of
the possible levels of MSW production in the upcoming years. The
reason for omitting the years 2020-2024 in the analysis is that there are
no “substantial” decisions to be made (the model could only manage the
system that is currently in place). The 5-year lag between the decision on
building the facility and its operation will be achieved through the
nonanticipativity constraints Eq (10)-Eq (11) and is discussed further in
a forthcoming subsection. In order to make the model computationally
tractable (to reduce the number of binary variables), the decisions about
building the facilities will be considered only in three decision stages,
that corresponds to having the facilities operational in years 2025, 2030,
and 2035. Additionally, the costs associated with the year 2035 are
multiplied by a factor of 6 to account for the costs that are likely to occur
in the years 2036-2040. This should deter the decision that results in
building too much infrastructure that will not be efficiently used.
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4.1. Data collection and scenario generation

According to the Waste hierarchy, energy recovery should be treated
if the waste cannot be recovered materially. The rate of waste recycling
thus affects the amount of waste for energy recovery.

Waste fractions for material recovery were determined based on the
Waste management plan of the Czech Republic for the period 2015-2024,
which was developed by the Ministry of Environment of the Czech Re-
public. The following waste fractions were determined as the materially
recoverable: glass and glass packaging, metal and metal packaging,
paper and paper packaging, plastic and plastic packaging, textiles and
clothing. The mandatory waste management records identified other
fractions, which are materially recovered: bio-waste and bulky waste.
Fig. 4a) depicts the production of MSW fractions, which is material
recoverable and its real materially recovery from the year 2009 is still
growing. The spatial distribution of the material recovery of the MSW in
2017 is illustrated in Fig. 5.

Mixed municipal waste (MMW) currently accounts for a significant
proportion of MSW - about 50% in the year 2017 in the Czech Republic.
It is a waste fraction that can be sorted and thus creates the potential for
material recovery. Fig. 6 shows the materially recoverable waste in
MMW in 2017, which should be separated in the future.

However, the separated waste does not correspond directly to the
materially recovered waste. Material recovery of separated waste is
mainly dependent on technological and cost conditions. The recycling
rate RRy for waste fraction f, where MAT; is materially recovered and
SEP; is separated waste f is computed as RRy = MAT;/SEP;. The latest
available data make it possible to determine the recycling rate RRy for
2015, these values are summarized in Table 4. The expected develop-
ment of the material recovery municipal solid waste (if it continues in
the current fashion) achieves approximately 47% in the year 2025, as
indicated in Fig. 7. But the EU target in 2025, which lies at 55%, ne-
cessitates additional steps and effort in order to be reached. The situa-
tion for the targets in the years 2030 and 2035 is quite similar, if not
more severe.

Material recovery constitutes an extremely important factor as it
directly affects the amount of MSW that will be treated in the considered
WtE and MBT plants. At present, it is not certain in which direction the
production of waste with material recovery will be taken. Three base
scenarios for the material recovery are constructed to model this
uncertainty:

1. Scenario: BAU - business as usual, depicted as “Forecast” in Fig. 7.
2. Scenario: middle — the EU targets with a 5-year delay
3. Scenario: on target — the “Modelled scenario” in Fig. 7.

These three base scenarios were further “branched”, as depicted in
Fig. 8, to more evenly capture the possible developments, resulting in 27
individual scenarios. Alongside the material recovery, other factors
went into the construction of the scenarios for the production of MSW
that can be treated in the WtE or MBT facilities (denoted as fi,s) in in-
dividual cities in the successive time periods. Additionally, demographic
changes, i.e. the expected continuation of the trend of higher immigra-
tion to bigger cities in the core of the republic (such as Prague or Brno)
and the population decline and ageing of the periphery were considered.

With Fig. 8 in mind, the nonanticipativity constraints Eq (10)-Eq
(11) that tie certain scenarios together and enforce decisions that can be
based only on the current state of knowledge about the uncertain pa-
rameters work as follows. As there is currently (the year 2020) no way of
knowing which of the 27 scenarios will be the one that comes true, the
decision on building the facilities must be made with all 27 scenarios in
mind. In other words, for all 27 scenarios, the decision on which facil-
ities will be operational in the year 2025 must be the same. In the year
2025, the situation changes, as one will be able to pinpoint which of the
three branches (1-9, 10-18, or 19-27) is the “true one”. This affects the
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decisions on which facilities to open in 2030, as they will be grouped
based on this branching (i.e. one decision for scenarios 1-9, the second
one for 10-18, and the third one for 19-27). A similar situation repeats
in the year 2030, but with even more branching, as nine possibilities tie
the scenarios together.

5. Results and discussion

The optimization model was programmed in the high-performance
dynamic language JULIA [71] with the JuMP package for mathemat-
ical optimization [72]), that is very well suited for large-scale scientific
computing. The solution was computed by the GUROBI 8.0 solver [73].
The optimality gap parameter was set to 1%, which was decided to be
sufficiently low for this application. The computations were carried out
on an ordinary computer (3.2 GHz i5-4460 CPU, 16 GB RAM) and took
about an hour to finish. Two distinct models were considered. The first
model has progressive goals (g7 = 0.3,82 = 0.2,g3 = 0.1, in the years
2025, 2030, and 2035, respectively) towards the landfilling target of
10% in the year 2035, to facilitate a “smoother” transition. The second
model is without these progressive goals and has only the final goal
(g3 = 0.1, in the year 2035). The proportion of the MBT treated waste
that still will be landfilled is assumed to be x = 0.4. The results of the
computations are best summarized in Table 5 and Fig. 9 to Fig. 12

In the model with progressive goals, in the year 2020, the WtE ca-
pacity amounted to 981 kt and the MBT capacity to 600 kt (the place-
ments were identical in all scenarios due to the nonanticipativity
constraints). In 2025, in the scenarios 1-9 (that stem from the BAU base
scenario) additional 850 kt of MBT capacity were built. No other facil-
ities were deemed as needed. In 2030, additional WtE capacity was
needed in 15 scenarios (1-15), and additional MBT capacity was needed
in 9 scenarios (1-3, 10-15). This leaves 12 scenarios (16-27) in which
the initial capacity built in 2020 was all that was necessary to achieve
the progressive goals. The differences are exemplified in Fig. 11 and
Fig. 12. The optimal objective value was 2.50-10° EUR.

In the model without the progressive goal, the results suggest quite
the opposite strategy. As there is no pressure to decrease the amount of
landfilled waste immediately, the optimal decision is to “wait until the
last moment” and act according to the particular scenario path. The
optimal objective value in this setting was 2.44-10° EUR, which is about
2.4% cheaper than the model with progressive goals.

There is, however, an important issue with this approach, as it re-
quires building a large number of new facilities in the time period be-
tween 2030 and 2034 (that can be operating in 2035), in order to reach
the 10% landfilling target. For instance, in scenarios 1-9, there are 16
new facilities to be built in this time interval. This would likely put a
strain on whatever agency which will be given the task of building these
facilities. To find a compromise between the two approaches, one could
look at the facilities that are built in both. There are 9 facilities that
should be built in 2025 according to the strategy with progressive goals.
For the strategy without progressive goals, out of these 9 there are 7 that
are built in more than half of the scenarios in 2035, and 5 that are built
in more than two-thirds of the scenarios in 2035.

One of the biggest strengths of the model is that it can be used for
“rolling-horizon” planning. After analyzing the compromises between
possible strategies and deciding on particular facilities to open in the
current year (that will become operational in the future) it is expected
that the model will be recomputed again after a few years, bringing
updated data and trajectories of future development.

The suggested approach has limitations in many ways. The main
shortcoming may seem to be the forced link to the material recovery of
the waste. Its fair value depends on the capabilities of individual terri-
torial units. Individual regions and micro-regions are different, so their
specific potential should be considered. Options for energy recovery
should then only be considered for remaining waste in all municipalities.
The actual implementation of the new WtE plant is time-consuming and
requires the fulfillment of many legislative conditions, including
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environmental analysis. From the implementer’s point of view, the
calculation can be applied repeatedly, taking into account new or more
accurate information. However, these can only be obtained or changed
after binding decisions. Ideally, the options should be analyzed at the
lowest possible level of territorial division, i.e. at the level of munici-
palities (currently around 6250 in the Czech Republic). Calculations on
such level are related to the need to make predictions for small areas.
However, the results for these areas can be highly variable, and these
inaccuracies could affect the credibility of the outputs. Regarding the
predictions, it would be beneficial to encompass the demographic
development in the population across the Czech Republic. Despite all of
this, the feasibility of suggested projects is also highly dependent on the
willingness of local authorities and residents to support implementation,
where the result of the public referendum can play a significant role.

6. Conclusion

The presented paper reviewed the current state-of-the-art within the
waste management of Europe and the possible strategies on how to
handle the planning of sustainable processing infrastructure with
regards to the circular economy targets. It consists of crucial landfilling
and recycling goals that were anchored in legislation. At the same time,
the current waste treatment and material recovery were analyzed to
define rates and trends used as the baseline point. Scenarios of waste
production were generated from forecasts and targets to simulate three
scenario trees. These were — business as usual, middle scenario consid-
ering 5-year delay and scenario on target. All scenarios were further
branched to more evenly capture the possible developments.

The approach was demonstrated within the Czech Republic. One of
the main contributions lies in the comparison of models with and
without progressive goals. In the model with progressive goals, in the
year 2020, the WtE capacity amounted to 981 kt and the MBT capacity
to 600 kt. The second model suggests quite the opposite strategy. Since
there were no restrictions during the time horizon, the optimal decision
suggests to wait until the last moment with changes in processing
infrastructure. The strength of the model is that it can be used for
“rolling-horizon” planning, which means that it can be recomputed
again after a few years and update the upcoming decisions with newly
available data.

The future research may incorporate the decision-making regarding
material recovery to meet all goals. The current approach requires a
steep change from the trend. Also, the detail of the territory level will be
analyzed in order to obtain more precise results. The model will identify
micro-regions, where there is a potential for more effective waste
treatment and management.
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