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Abstrakt

Habilitacni prace pFedstavuje komentovany pfehled publikovanych praci autora v oblasti
koncepéniho planovani zafizeni pro energetické vyuziti odpadl (EVO). Prace nejprve stru¢né
shrnuje sougasny stav odpadového hospodafstvi v CR a EU, dilezité legislativni dokumenty,
strategické cile a komentuje miru jejich pInéni. Dale zd(raznuje fakt, ze efektivni energetické
vyuziti odpadu reprezentuje dulezitou soucast systému nakladani s odpady, a to i v ramci
konceptu tzv. obéhového hospodarstvi. Stézejni Casti prace je predstaveni komplexu
unikatnich vypoctovych nastroju pro podporu investi¢nich rozhodnuti nakladani s odpady.
Nastroje zahrnuji hmotnostni, energetické a ekonomické bilance, které generuji vstupy pro
sofistikované&jsi modely operacniho vyzkumu. Kli€ovym nastrojem je celoCiselny linearni
model NERUDA pro planovani kapacit zafizeni EVO na vybraném uzemi. Protoze
ekonomicka udrzitelnost i pozitivni dopad na zivotni prostfedi zafizeni EVO jsou Uzce spjaty
s dodavkou tepelné energie do systému centralniho zasobovani teplem, je také feSena
problematika integrace EVO s existujicimi teplarenskymi zdroji. V zavéru prace jsou zminény
perspektivni sméry vyzkumu v dané oblasti.
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Abstract

The habilitation thesis is a commented overview of the author's published works in the field of
conceptual planning of waste-to-energy facilities (WTE). The work first briefly summarises the
current state of waste management in the Czech Republic and the EU, critical legislative
documents and strategic objectives and comments on the degree of their fulfiiment. It also
emphasises the fact that efficient energy recovery of waste represents an integral part of waste
management systems, even within the concept of the so-called circular economy. The central
part of the work is the introduction of a complex of calculation tools to support investment
decisions of waste management. Instruments include mass, energy and economic balances
that generate inputs for more sophisticated operational research models. An essential tool is
the NERUDA integer linear model for capacity planning of WTE equipment in a selected area.
Since the economic sustainability and the positive environmental impact of WTE plants are
closely linked to the supply of heat to the district heating system, the issue of integrating WTE
with existing heating plants is also addressed. Perspective directions of research in this area
are mentioned at the end of the thesis.
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1 Cil prace

Cilem prace je shrnout dlouhodobé zku$enosti a Uspéchy vyzkumu uplatnitelnosti unikatnich
vypoctovych nastroju pro kli¢ova rozhodnuti v oblasti odpadového hospodarstvi se zaméfenim
na energetické vyuziti odpadu (EVO). Pfedstaveny komplex prakticky aplikovatelnych nastrojl
vznikl ginnosti $irsiho vyzkumného tymu pod vedenim autora na pracovisti Ustavu procesniho
inZzenyrstvi FSI VUT v Brné (UPI). Problematika je komentovana v $irSich souvislostech,
zahrnujicich vyvoj odpadového hospodarstvi (OH) v celoevropském kontextu a sou€asny stav
nakladani s odpady v CR. ProtoZe je pro feSenou problematiku kli¢ové vyuZiti tepla vyrobeného
v EVO, prfedkladana prace se dotyka také teplarenstvi.

Pfedkladana habilitaéni prace je v souladu s §72 zakona 111/1998 Sb., o vysokych Skolach,
koncipovana jako soubor uveiejnénych védeckych praci doplnény komentadifem. Prace se opira
o ¢lanky publikované autorem v mezinarodnich impaktovanych ¢asopisech (viz pfehled literatury
¢ast A - Publikace autora citované v praci). Reprinty téchto ¢clankd jsou uvedeny
v pfilohach 1 az 11. Vzhledem k faktu, Ze postupna doba vydani téchto ¢lank( koresponduje
s obsahovym fazenim kapitol pfedkladané prace, Ize ji rovnéz povazovat za chronologickou
retrospektivu stéZejnich oblasti vyzkumnych praci autora. Celkovy obraz problematiky je doplnén
celou fadou dalSich odkazu na prace, na kterych se autor podilel jako spoluautor (viz dalSi
polozky v pfehledu literatury A), nebo na dalSi souvisejici literaturu (viz B — Literatura ostatni).

K dosazeni vysledkl zminénych v praci pfispély rovnéz bakalarské a diplomové prace. Protoze
vysledky jsou zalozeny na efektivni kombinaci oborové znalosti procesniho inzenyrstvi
(reprezentovano diplomovymi a dizertaénimi pracemi na UPl) a matematiky (reprezentovano
bakalafskymi a diplomovymi pracemi na Ustavu matematiky FSI VUT v Brng, UM), Ize
predlozenou praci povazovat za vyznamny pfispévek nejen v oblasti védy a vyzkumu,
ale i v oblasti pedagogické &innosti.

2 Uvod a motivace

Doprovodnym jevem konzumni spolecnosti je produkce odpadd. Odpadem se rozumi kazda
movita véc, které se osoba zbavuje nebo ma umysl nebo povinnost se ji zbavit [B1]. Tyto odpady
mohou v zasadé vznikat pfi vyrobé konkrétnich produktt (primyslové odpady), nebo v okamziku
spotfeby vyrobenych produktl obyvateli (komunaini odpady, KO) a nebo v souvislosti s
vyuzivanim poskytovanych sluzeb (Zivhostenské odpady). Cela fada praci (napf. [B2] nebo [B3])
potvrdila, Ze v dlouhodobém horizontu existuje korelace mezi produkci odpadd a ekonomickou
silou regionu. Ekonomicka sila je vyjadfena napf. pomoci hrubého doméaciho produktu (HDP).
Cilem makroekonomického fizeni je, aby HDP rostlo. V takovém pfipadé bude narlstat take
produkce odpadi méfena na jednoho obyvatele. Tento trend na pfikladu vyvoje v Rakousku
ukazuje obr. 1. Mezi roky 1995 a 2014 realny HDP v Rakousku vzrostl z 242 miliard EUR
na 341 miliard EUR [B5]. Primérny meziro¢ni narust byl v tomto obdobi pfiblizné 1,8 %.

Dlouhodoby a nevyhnutelny trend muaze byt v jednotlivych regionech kratkodobé korigovan
legislativnimi opatfenimi, jejichz snahou je postupné pfechazet na environmentainé Setrnégjsi
formy nakladani s odpady. Jedna se napf. o zakaz skladkovani, podporu tfidéni konkrétnich
frakci odpadl, podporu recyklace a stim souvisejici implementaci ekonomickych
a sociologickych nastrojl, které motivuji producenty (ob&any) ke zméné navyku.



Obr. 1 Vyvoje produkce KO — pfiklad Rakousko, pfevzato a upraveno z [B4]

Tento ¢i podobny trend byl a je patrny v celé fadé zemi EU. Vlastni OH jako odvétvi ekonomiky,
které fidi a zajiStuje nakladani s odpady, pfedstavuje obor relativné mlady a dynamicky se
rozvijejici [B6].

V historickém kontextu Ize sledovat nékolik fazi vyvoje OH, které jsou v zasadé totozné ve vSech
regionech svéta. Rozdil je pouze v tom, Zze nastavaji v jinych ¢asovych okamzicich, s ¢asovym
posunem a jinou intenzitou. Jedna se o nasledujici faze:

Faze ¢. 1 — Produkce odpadi exponencialné roste. Pokud jiZ neexistuji relativné moderni
a kontrolované skladky, dochazi k pfechodu od tzv. divokého skladkovani k fizenému
skladkovani, kdy je odpad ukladan do technicky kvalitné zabezpe€enych skladek. Faze je spojena
s naklady na vystavbu potfebné infrastruktury a zajisténi nakladani s odpadem. Na obr. 1
se jedna o obdobi do roku 1990. V CR tato faze probé&hla v obdobi po pfijeti prvniho zakona
o odpadech v roce 1991 (zakon €. 238/1991), ktery si vynutil pfechod od tzv. obecnych ,smetakd®
a Cernych skladek k vystavbé a provozu regulovanych, technicky zabezpecenych skladek.

Faze ¢. 2 — Obdobi osvéty, propagace a diirazu na environmentalni smysleni obyvatel je
charakteristické dil¢i zmé&nou chovani obyvatel. Postupné se zintenziviiuje separace slozek, je
budovana sit sbérnych nadob. Nechténé formy nakladani jsou zatiZeny environmentalni dani.
Bonusy a dané se vztahuji na subjekty odpovédné za nakladani s odpady (obce) a s rostoucimi
naklady na systém jsou pozvolna pfenaseny na obcéany. Poplatek za sluzbu, ktery plati ob¢an,
jeroéni a pausalni, coz pfedchazi pfipadnému vzniku Cernych skladek a odkladani odpadu
v prirodeé (tzv. littering). Potencial opatfeni pro snizovani mnozstvi odpadu se postupné vycerpava
a dochazi k opétovnému nastoleni trendu nartstu celkového mnozstvi KO (mimo jiné i v disledku
vzniku novych odpadovych proud(). V této fazi se nachazi CR.

Faze €. 3 — Legislativni omezovani ¢i uplny zakaz skladkovani neupravenych komunalnich
odpadll vede krazantni zméné infrastruktury a tokd odpadl. Pfechod je obvykle spojen
s nepopularnim skokovym narustem celkovych nakladu, protoze nova feSeni jsou drazsi ve
srovnani se skladkovanim. Dlraz je kladen na energetické vyuziti odpadu.

Napf. v Rakousku byl skladkovaci poplatek v legislativé pfijat v roce 1989, s tim, Ze od roku 2004,
resp. 2008, plati zakaz skladkovani neupravenych odpadd. Némecko uzakonilo zakaz



skladkovani nevyuzitelnych odpadl v roce 1993 s 12-letou Ihdtou pro realizaci nezbytné
infrastruktury. V CR je skladkovaci poplatek aktivni od roku 1992 a CR tak byla jednou z prvnich
evropskych zemi, kde byl tento mechanismus zaveden [B7]. AZ do roku 2009 se skladkovaci
poplatek mezirocné navysSoval. Od roku 2009 je jeho vySe fixni na urovni 500 Ké&/t a pfi
soucasnych cenach a vysi obecné inflace v posledni dekadé je neadekvatné nizky. Neumozriuje
tak pfesmérovani tokd z nechténych skladek do jinych typl zafizeni uréenych pro materialové
Ci energetické vyuziti.

Zvysené naklady motivuji ob&any minimalizovat produkci odpadd. Jsou zavadény systémy, kdy
obc¢an plati podle mnozstvi vyprodukovanych odpad(, tzv. PAYT systém (Pay-as-you-throw).
Pfedpokladem UspéSnosti individudlniho zpoplatnéni sluzeb je jistd minimalni uroven
environmentalniho smysleni, kdy je oban ochoten zvySené naklady akceptovat a uvédomuije si
smysl moderniho OH ve vztahu k ochrané pfirody (nedochazi tak k tzv. odhazovani odpad( do
volné pfirody). Sekundarnim efektem PAYT je pfiprava pro materialové vyuziti. Celkové mnozstvi
vyprodukovanych odpadu je pofad stejné, méni se jejich kategorizace a charakter.

Faze €. 4 — DUraz na materialové vyuziti a snizovani vyznamu energetického vyuziti — této fazi
je vénovana samostatna kapitola 2.3.

2.1 Soucasny stav OH v Evropské unii

V souCasnosti akceptovanym kritériem hodnoceni efektivity odpadového hospodarstvi
v jednotlivych zemich EU je ureni procentualniho podilu mezi hlavnimi zpusoby nakladani
s odpady, kterymi jsou:

e odstranéni,

e energetické vyuZiti,

e materidlové vyuZiti (recyklace),
e ostatni.

Data pro hodnoceni jsou sbirana v jednotlivych zemich a shromazduje je Eurostat. Pfestoze
Eurostatem prezentovana data pfedstavuji alespon néjaké srovnani mezi staty, mezi kritiky jsou
diskutovana slaba mista, nejednotnost a méfeni na vstupu do zafizeni, které nerespektuje
skute€né toky odpadl a vznik tzv. sekundarnich odpadi [A1]. Obr. 2 ukazuje pfiklad vzniku
sekundarniho odpadu pro EVO. Nerecyklovatelny (na trhu neuplatnitelny) plastovy odpad
je ob¢anem dle pokynl svozové spole¢nosti odhozen do sbérné nadoby na plast, nasledné
svezen a zpracovan na dotfidovaci lince, aby byl v poslednim kroku energeticky vyuZit nebo
v hor8im pfipadé skladkovan. Tento fetézec je vyznamné drazsi nez v pfipadé, Ze by absolvoval
cestu primarniho odpadu jako SKO, ktery je shromazdovan v 3edych (€ernych) sbérnych
nadobach.
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Obr. 2 Primarni a sekundarni odpady pro energetické vyuziti odpadl [A1]

Nedostatky v hodnoceni ma do budoucna snahu odstrafiovat vznikajici legislativa v ramci tzv.
balicku obé&hového hospodarstvi (CEP, vice kap. 2.3.). Podle procentualniho zastoupeni
jednotlivych zplsobU Ize rozliSit nize uvedené skupiny zemi. Vzhledem k Gzké vazbé mezi toky
odpadl a legislativou, jejiz Uroveri byla vyuzita pfi popisu fazi OH v pfedchozi kapitole, skupiny
zemi koresponduji s fazemi rozvoje OH.

Prvni skupina zahrnuje zemé s dobfe vyvinutym OH, kde skladkovani bylo téméF eliminovano
a vétSina komunalniho odpadu (KO) se materialové vyuziva. Do druhé skupiny patfi zemé&, kde
probihaji zmény smérem k udrzitelnéjSimu OH. P¥isluSné legislativni kroky jiz byly provedeny,
ale je$té nebylo zakazano skladkovani odpadu. Pro navySeni materialového ¢i energetického
vyuzivani KO, oproti skladkovani, jsou vSak pouzity dafiové nastroje. Zemé ve tfeti skupiné Cekaji
na transformaci OH. Tyto zemé maiji nedostate¢nou kapacitu pro zpracovani odpadu, skladkovani
neni omezeno a jen malé mnozstvi odpadu se recykluje.

Rozmach EVO v zemich EU a potencial vystavby dalSich zafizeni sumarizuje pfehledovy ¢lanek
[B8]. Mnozstvi energeticky vyuzitych odpadd se od roku 1995, kdy jsou data monitorovana
Eurostatem, zvysSuje. K nejprudSimu narGstu doSlo mezi lety 2001 a 2017. V souvislosti
s implementaci nové legislativy a zaméfenim na materidlové vyuziti je EVO v EU dale
nepodporovanou technologii, pfestoZze se jedna o recyklaci ve formé& energie. Trh vystavby
zarizeni EVO se pfesouva do rozvijejicich se zemi zejména v asijském regionu.

2.2 Soudéasny stav OH v Ceské republice

Kliovym dokumentem v odpadovém hospodarstvi CR je Plan odpadového hospodarstvi (POH)
[B9], ktery pfedstavuje hlavni planovaci dokument v dané oblasti. Posledni verze POH cili na
obdobi 2015 az 2024. Sougasny stav OH v CR na zakladé dat 2017 hodnoti dokument [B10].
Publikované hodnoty tzv. indikator(i OH jsou porovnavany s tzv. cili OH. PrestozZe legislativa EU,
stanovuijici cile pro nasledujici obdobi bude shrnuta az v kap. 2.3, jsou zde uvedeny tfi konkrétni

pripady:

e Ze skladek v CR bylo odklon&no v roce 2017 celkem 62 % biodegradabilnich odpadd
oproti stavu v roce 1995, cil je odklonit 75 % do roku 2020 (obr. 3 a).
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Mira recyklace (resp. mira tfidéni jako pfipravy k recyklaci) KO &inila 38 %, ma pozvolné
stoupajici trend, pficemz dlouhodobé cile jsou 50 % v roce 2020 az 65 % v roce 2035
(obr. 3 b).

Bylo skladkovano 45 % KO (2,5 mil. tun), pfi€emz cil je max. 10 % v roce 2035 (bez
ilustrace). V roce 2017 CR skladkovala 45% KO, pfiemz pokles miry skladkovani
je v poslednich letech velmi pozvolny.

100%

90%

80%

70% Cil 2035
60% —
50%

40%

30% /—

20%

10%

0%

2012 2014 2016 2018 2020 2025 2030 2035

a) Podil skladkovaného BRKO vuci roku b) Komunalni odpad — min. mira recyklace

1995 (pFiprava pro materialové vyuziti)

Obr. 3 Rekapitulace zavazkd CR a sougasny stav jejich pInéni

Je evidentni, Ze dosavadni trend a rychlost probihajicich zmén nevede ke spinéni stanovenych
cild ani v pfipadé obr. 3 a) ani b). Mira separace KO se pozvolna zvySuje, ale trend neni
dostatec¢ny pro spinéni cila.

V roce 2015 se autor vyrazné podilel na feSeni strategického projektu pro Ministerstvo Zivotniho
prostiedi [P1], jehoZ sougasti bylo vyhodnoceni soudasné sité zafizeni na izemi CR a stanoveni
potfebnych kapacit do budoucna. Pfi analyzach byly vyuzity nastroje, které budou pfedstaveny
dale. Revize vyvoje probihala nasledné v ramci aktivit projektu [P2]. PFi blizSi analyze bylo
zjisténo, ze klicovym hmotnostnim tokem z pohledu splnéni zavazkl je SKO, ktery se z 90 %
podili na skladkovaném mnozstvi BRKO. SKO je rovnéz dulezity z pohledu cild v oblasti
materialové vyuzitelnych odpadl. Zavéry analyz jsou nasledujici:

Byl nastartovan separovany sbér bioodpadu. VétSina tohoto mnozstvi vznika z adrzby
zahrad a vefejné zelené a jedna se o novy odpadovy proud. Mnozstvi odpadu
odklonéného z SKO je minoritni a dochazi k nému pouze v obcich &i jejich Castich, kde je
realizovan separovany sbér bioodpadu z kuchyni.

Klicovym odpadovym tokem je smésny komunalni odpad (SKO), ktery je ze 75 %
skladkovan.

Kapacita EVO je nedostatecna (obr. 4). Pro dimenzovani sité je nutné zapocitat vySe
zminéné sekundarni odpady (obr. 2).

Skladkovaci poplatek je nizky.
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Obr. 4 Produkce spalitelnych materialové nevyuzitelnych odpadt v roce 2015 a existujici
kapacita pro jejich zpracovani (2015, v€etné ZEVO Chotikov pfed dokon¢enim)

Lze konstatovat, Ze CR v poslednich dvou dekadach preskodila fazi rozvoje vystavby zafizeni
EVO. V roce 1989 byl uveden do provozu prvni kotel v SAKO Brno, v roce 2000 byla uvedena
do provozu zafizeni TERMIZO Liberec a ZEVO MaleSice a od té doby byl poc¢et zafizeni EVO
na uzemi CR zafixovan az do roku 2016, kdy bylo dokon&eno ZEVO Chotikov u Plzné. Celkova
kapacita 740 tis. t/r je nedostate¢na (viz obr. 4). Pfitom je nutné zduraznit, Ze hlavni problematicky
proud OH CR je SKO, tzn. zbytkovy materidlové omezené vyuzitelny odpad vhodny pro
energetické vyuziti. Ten dnes dominantné konc¢i na skladkach a je pficinou neplnéni stanovenych
cild OH (viz nasledujici kapitola).

2.3 Vyvoj v EU smérujici k obéhovému hospodarstvi a budouci
vyznam zarizeni EVO

V kontextu vyse zminéné hierarchie nakladani s odpady je dlouhodobou snahou EU preferovat
recyklaci, znovupouziti odpad(l, nahrazovat primarni suroviny surovinami druhotnymi (z odpadu)
a soucasné minimalizovat mnozstvi odpadu, které jsou zpracovany bez vyuziti, tzv. odstranény.
Nejrozsifenéjsi zplisobem odstrafiovani odpadi je skladkovani.

Jednim ze zasadnich pocinu legislativy EU je pfiprava a postupna implementace tzv. ,Circular
economy (CE) package (CEP — balicku obéhového hospodarstvi)“. V ramci CE je vizi zavést
koncepty s minimalni produkci odpadt, kdy v dusledku pfechodu od linearniho schématu (tézba
surovin -> vznik vyrobk( -> spotfeba -> odpad) dochazi k uzavirani zivotniho cyklu a opétovnému
vyuzivani druhotnych zdroja — recyklaci [B11]. Jako podpurny legislativni nastroj pfechodu k CE
byla v EU v roce 2018 implementovana:

e smeérnice, ktera méni smérnici o skladkach odpadu — 2018/850/EU,
e smeérnice, ktera méni smeérnici o odpadech — 2018/851/EU,
e smérnice, ktera méni smérnici o obalech — 2018/852/EU.

Na schéma CE odkazuje také tzv. koncept ZERO Waste, ktery definuje cile a strategie pro riizné
subjekty (mésta, instituce, podniky) s cilem uzavfit udrzitelné pfirozené cykly, ve kterych v§echny
nepotfebné materialy budou zdrojem pro dalSi vyuZiti, vSechen odpad se vyuzije, Zzadny odpad
nebude odstranén ani spalovan.
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Dosazeni takového stavu vyzaduje zasadni zmény nejen na strané spotfebitelll (producentl
odpadu), ale zejména vyrobcl zbozi, kdy budou upfednostriovany vyrobky z recyklovatelnych
materialt nebo vyrobky lehce recyklovatelné. Mluvime o tzv. ecodesignu. Soucasné nakladani s
odpady nejenom v CR, ale i v EU a pomalé tempo zmé&n ukazuje, Ze vize CE je dlouhodoby
projekt a v daném ¢asovém okamziku ma své limity a bariéry. Jednou z bariér mohou byt budouci
naklady pro kone¢né uzivatele.

V kontextu cirkularni ekonomiky se zafizeni EVO zdaji byt zbyteénou soucasti systému.
Efektivnost je pfitom nutné hodnotit s ohledem na vSechny ftfi pilife udrzitelnosti: ekonomicky,
environmentalni i socialni, a to vzdy v SirSich souvislostech daného regionu. Do programu ,ZERO
Waste® jsou dnes pfevazné zapojeny mésta jizni Evropy [B12]. Teplejsi klimatické podnebi
a neexistence nebo omezena existence systém(l centralniho zasobovani teplem (CZT) je jasnou
prekazkou pro implementaci dobfe fungujicich a smysluplnych systém( EVO. Jak bude ukazano
dale, efektivnost EVO (ekonomicka, ale také environmentaini) je spojena s dodavkou tepla do
CZT. Nékteré komentare [B13], [B14] indikuji nevyhodnost EVO i v zemich, kde ma teplarenstvi
dlouhou tradici, jako je napf. Dansko, a naznacuji, Zze EVO spalujici odpad s obsahem fosilniho
uhliku je prekazkou tzv. dekarbonizace energetického sektoru. Naproti tomu, rozsahla studie
z Danska [B15], ukazuje, ze EVO ma svUj vyznam i v energetice zalozené na vysokém podilu
obnovitelnych zdroju.

Cilem prace autora je vytvorfit vypocétové a optimalizaéni nastroje, které budou poskytovat
relevantni vystupy a fakta pro seriézni diskusi nad potfebou, vyhodami a nevyhodami procesu
EVO, alternativnich cestach v kontextu regionu a SirSich energeticko-environmentalnich
souvislostech. Podstatnou soucéasti feSeného problému je doprava odpadl ve vSech fazich
procesu. Tato dlouhodoba snaha je v souladu se zaveéry reSerSni prace [B16], ktera specifikuje
nasledujici vyzkumné vyzvy:

e Vicerozmérnost: Problém soucCasnych feSeni, ktera se zaméfuji pouze na urcity
parametr, ktery je zvolen jako u€elova funkce je, Ze vede k suboptimalnimu feseni. Autofi
zduraziuji potfebu integrovaného pfistupu. Je evidentni, Ze takovy pfistup vede
k vyraznému rozsahu uloh (optimalizaénich), narlstd vypoltového d&asu, potieby
disponovat vykonnymi vypoc&tovymi prostfedky, které zaru€i dosazeni feSeni v realném
Case.

o Holisticky pristup: Potfeba hledat feSeni v kontextu SirSiho geografického Uzemi.
Optimalni feSeni z mikro pohledu nemusi byt optimalni v kontextu vice provozovatel,
obci, statu.

¢ Na miru Sita feSeni: Zohlednéni specifickych aspektl, univerzalnost a modularnost
vypoctovych nastroji, robustnost navrZzenych metodik. V praci budou predstaveny
vypoctové nastroje rdzné slozitosti: simulaéni a optimalizacni vicestupfiové modely
a komplexni sitova uloha.

PfestoZe vysledky vyzkumu jsou pfenositelné do libovolného Uzemi, regionem zajmu prace
je prioritné Ceska republika. Dlouhodobé& vytvafena datova zakladna v rdmci tymu autora prace
je vyuzivana pro vyvoj a testovani vytvofenych nastrojli a provéfeni jejich praktické uplatnitelnosti.
Datova zakladna je poskytovana pro zpracovani zavérecCnych praci. Vypoctové nastroje jsou
vyvijeny na zakladé realnych dat, coz je zejména dulezité a motivacni pro navrh matematickych
model(i v rdmci studentskych praci vypisovanych na UM.

Hlavni vysledek dosavadni dlouhodobé systematické ¢innosti pfehledné sumarizuje obr. 5. Jedna
se o vypoctovy nastroj NERUDA — sitovou Ulohu pro podporu kliovych rozhodnuti v odpadovém
hospodarstvi a jeho soucasti (vice viz kap. 4.1).
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Obr. 5 Moduly komplexni sitové ulohy NERUDA a jejich vazba na feSené ¢i ukonéené
dizertacni prace

Obr. 5 soucasné ukazuje, jak ukoncéené &i rozpracované dizertaéni prace, kde se autor prace
podilel &i podili jako Skolitel specialista a nositel hlavnich mySlenek a konceptu jednotlivych praci,
pfispivaji k hlavnimu vysledku — nastroji NERUDA. Jedna se o dokonéené prace [B17], [B18],
[B19], [B20], [B21] a rozpracované dizertacni prace [B22] a [B23].

Jednotlivé prace obsahuji reSersni Casti, které ukazuji na pfinos vysledkl v celosvétovém
kontextu. Vysledky reSerSe Ize shrnout nasledovné:

Dosud:

e Vliteratufe bylo popsano velké mnozstvi matematickych modelu. Pfestoze jsou velmi
Casto inspirativni, jsou vétSinou prezentovany na Skolskych a smySlenych udlohach.
V lepsim pfipadé jsou feSeny velmi jednoduché pfipadové studie.

Vlastni pfinos:

e Puvodni prace na UPI je charakteristicka aplikovatelnosti v praktickém méfitku.
¢ Implementuje dil¢i vysledky do komplexu ucelenych nastroja.

o Napf. NERUDA dle [B24] reprezentuje celo€iselny linearni stochasticky
vicekriterialni model pro planovani umisténi koncovych a pomocnych zafizeni
pro zpracovani odpadd, ktery zohledriuje vliv kapacity zafizeni na ekonomiku
a pracuje s vice typy komodit.

e Dosavadni vyzkum autora pfinasi zcela nové poznatky a pfistupy, které dosud nebyly
publikovany a feSeny. Jako pfiklady Ize uvést:

0 cena dopravy zavisla na mnozstvi pfepravovanych odpadl a ujeté vzdalenosti
ve struktufe vhodné pro implementaci do sitovych uloh ([B21],
[A2], [A3]),

O mezioborovost — provazani problematiky odpadového hospodarstvi
s teplarenstvim, které se projevuje na charakteristickém tvaru tzv. kfivky ceny za
zpracovani odpadu (vice kap. 3.4); zde je nutné zminit pomérné ojedinélou pozici
CR diky existenci velkého mnozZstvi siti CZT [B22],

0 prognézovani produkce komodity ve v8ech uzlech sitové uUlohy s vyuZitim
algoritm(l na bazi vyrovnani dat [B20] (vice viz kap. 4.3).
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Jak je patrné, dilci ¢asti nastroje NERUDA, zde oznacené jako moduly, zahrnuji rizné
technologie a oblasti, které se mohou na prvni pohled zdat vzdalené technologickému konceptu
EVO, kterym se prace dominantné zabyva. Zvoleny postup je vSak nezbytny z nasledujicich
davodu:

e EVO je preferovanou formou pro jinak materialové nevyuzitelné odpady — proto je nutné
fesit produkci odpadu jako takovou (€innosti popsané v [B20] a dale v kap. 4.3) a stanovit
realny potencial materialového vyuziti (modul separace).

e EVO je soucasti teplarenstvi — uplatnéni tepla predstavuje rozhodujici aspekt jeho
realizovatelnosti a udrZitelnosti.

e Doprava odpadi stejné jako doprava obecné je velmi citlivé téma. Navic doprava odpad
je realizovana vtzv. konvergentni siti [B24] s nejvétsi intenzitou v blizkosti
zpracovatelského zafizeni.

e Jenutné posuzovat alternativni technologie (model mechanicko-biologické tpravy, MBU)
a provadét srovnani s EVO.

Klicové pro Uspéch celého komplexu nastrojll jsou ovSem znalosti viastniho technologického
procesu EVO, jeho specifickych aspektd, bilance apod. Tomuto byla vénovana hlavni pozornost
prace autora zejména v prvni fazi védecké kariéry a kliCové vysledky uvadi kap. 3. Dobfe
popsana technologie EVO pak mohla byt posuzovana v komplexu dalSich technologii
a specifickych aspektd. Tomuto tématu se vénuje kap. 4.
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3 Zarizeni EVO
3.1 Definice EVO

Zafizenim EVO je obecné oznacovano zafizeni pro termicky rozklad odpadd s naslednym
vyuzitim uvolnéné energie. V zasadé se rozliSuje nékolik typa technologickych konceptd, jako
jsou pyrolyzni, zplyfiovaci a oxidaéni zafizeni, ktera se liSi podilem pfivodu vzduchu k jeho
stechiometrickému mnozstvi (ij. teoretickému mnozstvi daného oxidaénimi reakcemi hoflavych
slozek paliva).

V podminkach EU je nejrozsSifenéjsi koncept oxidacni spalovny (tepelny rozklad probiha pfi
pfebytku vzduchu) vybavené obvykle pohyblivym rostem. Tento koncept lze povazovat za
dlouhodobé provozné ovéfené a robustni feSeni. Koncept s omezenym pfivodem vzduchu,
tj. technologie zplyniovani a pyrolyzy, je dlouhodobé& znamy a vyuzivany. Pro specifické aplikace,
kdy vstupnim materialem jsou komunalni odpady a jejich frakce, je ale povazovan za ,emerging
technology“. Podrobné se tomuto problému vénovala prace [A4] zpracovana v ramci projektu
[P1]. Pyrolyzni a zplyriovaci technologie jsou provozovany pro specifické typy odpadd, jejichz
spole€nym znakem jsou relativné homogenni vlastnosti a sloZeni (napf. drcené pneumatiky,
jednodruhové pramyslové odpady apod.). Jejich aplikace na zbytkové komunalni odpady (SKO
jako celek) je ale problematicka. V dlouhodobé&jSim horizontu mize byt pfinosem vyroba biopaliv
druhé generace, kdy namisto tepla jako energetického toku z kogenerace je produkovan metanol
nebo bioetanol, tzn. vyrobky s vy3Si pfidanou hodnotou. Jako pfiklad Ize uvést [B25].

Soucasna uUroven poznani a technologicka vyspélost EVO je ve vétS§im detailu popsana
v obsahlém referenénim dokument BREF, ktery popisuje tzv. nejlepsi dostupné technologie
(BAT) [B26]. Pro ucely této prace bude dale za EVO povazovana technologie rostové oxidacni
spalovny. Jak bylo uvedeno vy$e, jedna se provozné dlouhodobé ovéfenou technologii. MnoZstvi
aplikaci v EU a také v CR zaruduje dostatek relevantnich vstup(i pro vypoéty a modely pospané
dale v této praci. Zafizeni vyrabi paru o tlaku 4 az 6 MPa, ktera je nasledné expandovana v parni
turbing, pficemz se vyrabi tepelna a elektricka energie. Polutanty, vznikajici pfi termickém
rozkladu vstupniho odpadu, jsou z proudu spalin odstrafiovany ve vicestupfiovém systému
Cisténi spalin. Struéné schéma takové technologie je uvedeno na obr. 6.
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Obr. 6 Hlavni toky energie rostové oxidacni spalovny s vyuzitim energie [A5]

V kontextu evropské legislativy [B27], implementované do legislativy CR v ramci pfilohy &. 12
zakona €. 185/2001 Sb., o odpadech a zméné nékterych dalSich zakonu, [B1] mlize byt jako
zafizeni EVO kategorizovano zafizeni, které splfiuje ur€itou minimalni energetickou efektivitu.
Legislativa pro kategorizaci zavadi parametr R1 Energy Efficiency, ktery je dan vztahem:

_ Ep_(Ef+Ei)

(1)

kde hlavni proudy vstupujici do vypoctu jsou zfejmé z obr. 6 a maji nasledujici vyznam:

e Epserozumiro¢ni mnozstvi vyrobené energie ve formeé tepla nebo elektfiny. Vypocita
se tak, Ze se energie ve formé elektfiny vynasobi hodnotou 2,6 a teplo vyrobené pro
komer&ni vyuziti hodnotou 1,1 [GJ/r].

e Erse rozumi ro€ni energeticky vstup do systému z paliv pfispivajicich k vyrobé& péary
[GJ/r].

e Ew se rozumi roCni mnoZstvi energie obsaZzené ve zpracovavanych odpadech
vypocitané za pouziti vyhfevnosti odpadu [GJ/r].

e Eise rozumi ro€ni dodana energie bez Ew a Ef [GJ/r] a fadi se sem napf¥. zemni plyn
nutny pro ohfev proudu spalin pfed aparaty snizovani oxid dusik( (DeNOx).

e 0,97 je Cinitelem energetickych ztrat v diisledku vzniklého popela a vyzafovani.

V této souvislosti je nutné poznamenat, Ze volba nazvu parametru, ktery obsahuje termin
L=ucinnost®, Ize povaZovat za neStastny a nepfesny. Vzhledem ke specifickému postupu vypoéctu,
ktery je dan metodikou [B28], mizZe parametr vyznamnym zplsobem pfesahovat hodnotu 1. Toto
potvrzuje rozsahla analyza dat z provozu evropskych spaloven [B29]. Maximalni hodnota &inila
1,45. Nejvy88i hodnoty jsou pfitom dosaZzeny u kogeneracnich zafizeni (dodavka tepla
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a elektfiny) provozovanych v severskych zemich, kde klimatické podminky umoznuji piné vyuzit
potencial uvolnéné energie k dodavce tepla. Vyrazné nizSich hodnot je dosazeno u zafizeni, ktera
vyrabéji pouze elektrickou energii (max. 0,85, primérné 0,55). Pfitom legislativa stanovuje,
ze prahova hodnota R7 je 0,65. Zafizeni, ktera tuto hodnotu nedosahnou, pfedstavuji pouhé
odstranéni odpadu.

Skuteény vyznam R7 odpovida vypocltu tzv. mérné Uspory primarni energie (primary energy
savings, pes) [A5]. Koncept vypoctu pes je zcela bézny pfi hodnoceni kogeneracnich systému
(bez rozliSeni typu paliva) a je zakotveny ve smérnici [B30]. Toto zjisténi, prezentované nejprve
v [A6], autor prace rozpracoval v pfispévku [A7] (viz Pfiloha 1) a [A8] (viz Pfiloha 2). Prvné
zminéna prace vyuziva termin pes pro srovnani efektu uspor primarni energie z EVO s dalSimi
typy energetickych zdrojl. PFispévek byl velmi kladné pfijat védeckou komunitou a pfedstavuje
nejcitovanéjsi vystup €innosti autora (v 9/2019 celkem 46 citaci). Metodika vyc€isleni R1 a pes
byla dale rozpracovana v druhém zminéném ¢&lanku. Byl nové definovan pojem ,vysoceucinné
energetické vyuziti odpadu”.

Analyza parametru pes a potazmo R17 ukazuje na zasadni vyznam efektivni integrace EVO
v ramci existujicich teplarenskych zafizeni. Nespravny odhad realné dodavky a budoucich
provoznich rezimd muize vést k hor§im provoznim parametrim a nedosazeni ocekavanych
efektll. PfesnéjSi uréeni budoucich provoznich rezimd a ro¢ni bilance skute¢né dodaného tepla
z EVO je mozna pouze na zakladé detailniho posouzeni spoluprace a integrace EVO s existujicim
teplarenskym zafizenim. Tato problematika je pfedmétem dizertaCni prace [B22]. Zakladni
poznatky jsou shrnuty v kap. 5.1.

3.2 Hmotnostni a energetické bilance zarizeni EVO

Analyzy zminéné v pfedchozi kapitole jsou zalozeny na znalosti kliCovych energetickych tokud
v ramci zafizeni EVO a jeho subsystéma. Autor prace se dlouhodobé vénuje modelovani procesu
EVO ve smyslu vycCisleni hmotnostnich a energetickych bilanci pro rizné provozni stavy
a konfigurace technologie.

Jako zasadni vystup v této oblasti Ize jmenovat softwarovy nastroj s nazvem W2E (Waste-to-
Energy). PoCatek vyvoje tohoto nastroje je prezentovan diplomovou praci autora [A9], ve které
byl sestaven koncept a teoreticky zaklad celého systému. SouCasné byla provedena prvni
softwarové implementace v prostfedi Delphi. Ta se vyznaCovala velmi jednoduchym
uzivatelskych rozhranim. V ramci feSeni autorovy dizertacni prace [A10] a vyzkumnych projekt(
[P3] a [P4] byl koordinovan dalSi vyvoj bilanéniho modelu az do formy nastroje W2E ve verzi 2.0,
ktera odpovida sou¢asnému stavu. Nastroj ziskal moderni uzivatelské rozhrani, graficky editor.
Byla vyuZita technologie Java. Vypodtové jadro je plné oddéleno od grafického rozhrani.
Architektura je navrzena tak, aby umoznila dalSi doplfiovani moduld. Toho bylo pIiné vyuzito
v dizertani praci [B17], ktery definovala a nasledné implementovala modely blokd systému
Cisténi spalin.

Nastroj W2E je vyuzivan predevSim jako podplrny nastroj vyzkumné-vyvojovych aktivit na

pracovisti autora (bilancovani procesu EVOQO) a pfi feSeni projektd s pramyslovou sférou.
Konkrétné Ize uvést studie:

e Dosazitelné vyrobni ukazatele provozu EVO Most, Komorany, zpracovano pro United
Energy, a.s. (2010),

e komplexni studie (3 na sebe navazujici etapy) v ramci pfipravné faze nového zafizeni
EVO pro vyznamnou energetickou spolegnost pisobici v CR (2012-2013),
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e Modelovani dopadl podpory energetického vyuziti odpadd na kone¢ného spotiebitele za
podminek zakazu skladkovani, studie zpracovana pro Ministerstvo primyslu a obchodu
CR v ramci projektu MPO-Efekt (2013).

Kromé toho byla k vyuziti W2E v roce 2014 udélena licence pro vyzkumné pracovisté KISR —
Kuwait Institute for Scientific Research, Safat, Kuvajt. Soucasti prodeje licence bylo rovnéz
tydenni Skoleni uzivatell systému.

Nastroj W2E je také vyuzivan ve vyuce pfedmétu Energie a emise (FSI-KEE-A), obor M-PRI,
2. stupeni, 1. rocnik, letni semestr. Zjednodusena bilance zafizeni EVO je navic centralnim
tématem semestralni prace v tomto pfredmétu.

Nastroj W2E svym charakterem pfedstavuje tzv. ,white-box model“, tzn. model, kde je
transformace vstupnich parametr(i na vystupni popsana systémem algebraickych rovnic (pfiklad
viz [A5] a [B17]). Pouzity model je dlouhodobé testovan vici skute€nym provoznim datim.
Probiha spoluprace se dvéma provozy EVO v CR, a to konkrétné s TERMIZO Liberec, a.s.
a ZEVO Malesice Praha. Data z realnych provozu pak umoznuiji vytvaret tzv. ,grey-box* a ,black-
box“ modely. Ty jsou vytvofeny na zakladé aplikace metod popisné statistiky, kdy se hleda
regresni funkce popisujici vztah mezi vystupnimi a vstupnimi veli€¢inami [A11] (viz Pfiloha 3),

e Vroce 2010 byl vytvofen model zafizeni TERMIZO Liberec (grey-model).

e Vroce 2010 byl vytvofen white-box model ZEVO MalesSice pro zakladni vypocet bilance
procesu a vypocet ekonomiky.

e Vobdobi 2014-2017 byl vytvofen v ramci rozsahlého projektu grey-box model ZEVO
MaleSice, jehoz ucelem je predikovat vyrobu elektfiny v nasledujicich 40 hodinach. Model
byl v roce 2017 po dlouhodobém testovani nasazen do rutinniho provozu. Dil&i vysledky
a metodika byla publikovana v &lanku [A12] (viz PFiloha 4).

Obdobna metodika pak byla aplikovana pfi feSeni pramyslového pfipadu a zakazky ve zcela jiné
oblasti. Jednalo se o simulaéni a nasledné optimalizacni model zdrojové Casti energetického
systému Narodniho divadla v Praze. Vysledky byly opét publikovany v impaktovaném €asopise
[A11] (viz PFiloha 3).

3.3 Environmentalni dopady

Prosazeni a nasledna realizace projektu EVO je problematicka. Téma je velmi citlivé vnimano
obyvateli, kdy jednim z argumentt proti je nepfiznivy dopad na zivotni prostfedi v bezprostfednim
okoli chystaného zafizeni. PfestoZze emise jsou velmi nizké (viz kap. 5.2), u nékterych parametr(
na hranici méfitelnosti (viz [B26]), u ob&anu pretrvava v dusledku neinformovanosti a
desinformacim ned(ivéra k této technologii a projevuje se tzv. NIMBY efektem (not-in-my
backyard).

Velmi pfisné emisni limity a vyspéla technologie, ktera plnéni takovych limitd umoznuje, vede
k celkové nizkym emisnim tokim a sekundarné i minimalnimu imisnimu zatizeni v lokalité.
Problematice modelovani emisi a jejich rozptylu se vénovala diplomova prace [B32]. Pfestoze
prace byla motivovana snahou roz$ifit nastroj NERUDA o zohlednéni lokalnich emisi (viz kap.
5.2), vysledky ziskané pro modelovou technologii 100 kt/r ukazuji redlné zanedbatelny pfispévek
technologie EVO ke znecisténi ovzdusi. Jako pfiklad jsou uvedeny oxidy dusiku NO2. V zajmové
oblasti se ro¢ni primérné pozadoveé imisni koncentrace NO2 v dobé zpracovani prace pohybovaly
v rozmezi pfiblizné od 11 do 20 ug/m3 [B33]. Legislativou stanoveny imisni limit pro rocni pramér
NO2 ¢ini 40 pg/m® [B34]. Maximalni dosahované roéni pfirastky primérné koncentrace NO:
vlivem provozu EVO byly vycisleny na trovni 0,0250 ug-m=3. Na prvni pohled je tedy zfejmé, ze
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pfispévek ke stavajicim imisnim koncentracim v oblasti i k imisnimu limitu je zanedbatelny.
Radové obdobné zavéry byly potvrzeny i pro dali polutanty v praci [B32] & v rozptylovych
studiich jako nezbytné soucasti povolovaciho procesu zaméru EVO [B35]. Obava obyvatel o
Skodlivost EVO a jeho vlivu vychazi z neinformovanosti ¢i Sifeni nerelevantnich informaci.

Z odborného hlediska je akceptovatelny citlivy argument narlistu intenzity dopravy v blizkosti
zafizeni a podél hlavnich svozovych tras &i souvisejici hlukové zatiZzeni. K jeho objektivhimu
hodnoceni pfispiva nastroj NERUDA tim, Ze se vedle lokalizace zpracovatelskych zafizeni
zabyva tokem odpadu po jednotlivych hranach. Z celkového mnozstvi pfevazenych odpadu Ize
s vyuzitim poznatk( [B21] stanovit potfebny pocet jizd nakladnich vozidel a jejich pocet srovnat
se sou€asnou intenzitou dopravy v daném misté. PFistup byl vyuZit v rozsahlé studii pro region
Taborsko [B36].

Hodnoceni environmentalnich dopadd uzce souvisi s vypoétem hmotnostnich a energetickych
bilanci. Hmotnostni bilance pfimo ¢i nepfimo uréuje hmotnostni toky sledovanych polutantd
vyprodukovanych zafizenim. Pak mluvime o tzv. lokdlnich emisich (tzn. emisich
vyprodukovanych v daném zafizeni). Pohled Ize vice rozsifit a do hodnoceni zahrnout také
emisni toky ovlivnéné provozem EVO sekundarné. Typicky sejedna o Uusporu emisi
v konvenénich energetickych zdrojich, které nemusi vyrobit energii dodanou zafizenim EVO,
nebo emise souvisejici s dopravou odpadu do konkrétniho zafizeni EVO. Zafizeni EVO vyrabi
teplo a elektfinu, ktera by jinak musela byt dodana z konvenéniho zafizeni spalovanim napf.
fosilnich paliv. Tento pfistup se nazyva ,globalni“ pohled. Hodnoceni lokalnich a globalnich emisi
z EVO bylo provedeno v dfive zminéném pfispévku [A7] (viz Pfiloha 1).

Mnohem komplexnéjsi a dnes odborné uznavanou metodou pro hodnoceni evironmentalnich
dopadl procesu technologii a produktd je tzv. metoda LCA (Life cycle assessment), ktera je
standardizovana normou ISO 14040:2006. V obecné roviné metoda LCA hodnoti nejenom vlastni
provoz zafrizeni, ale také zivotni faze, které uvedeni do provozu predchazely (vystavba, vyroba
materialu a riznych forem energie nezbytnych pro realizaci zafizeni) a které budou nezbytné po
ukonceni provozu. Dava tedy ucelené&jsi pohled. Nedilnou souc¢asti LCA je tzv. inventarizace,
ktera v zasadé predstavuje analogii hmotnostni a energetické bilance, kdy se vyhodnocuiji toky
na hranici hodnoceného systému.

Z pohledu LCA sledovanych parametrl existuje cela fada kategorii ekologickych zatézi. Mezi
nejvice zminované kategorie patfi napfiklad globalni oteplovani (GWP z anglického Global
warming potential), humanni toxicita (HTP), acidifikace (AP), Ubytek stratosférického ozoénu
(ODP), tvorba fotooxidagnich latek (POCP) a dalsi [B37]. Konkrétni skladba kritérii se voli dle
Ucelu studie a zahrnutych technologii. Z porovnani vysledk( nékterych studii (nap¥. [B38], [B39]
a [B40]) vyplyva, ze parametr GWP je jednim z nejvyraznéjSich vlivli na Zivotni prostfedi v ramci
odpadového hospodarstvi a zejména pak v souvislosti s provozem zafizeni EVO. Nevyhodou
metody LCA je jeji Casova naroCnost.

Autor prace v roce 2016 v ramci projektu [P2] koordinoval spolupraci s némeckou spole¢nosti
bifa, Gmbh s cilem vyhodnotit GWP rdznych konfiguraci EVO. V potaz byla brana pouze faze
provozu. Studie ovéfila, Ze v pfipadé EVO Ize majoritni GWP vysvétlit na zakladé
zjednoduSeného pfistupu, kdy nejvyznamnéjSi jsou toky, které lze popsat vySe zminénymi
bilancemi. Studie tak potvrdila dfive prezentovanou metodiku v [A7].

Detailnim hodnocenim navazala prace [B19], jejiz cilem v této konkrétni oblasti bylo sestavit
bilanéni model, ktery bude umét pro libovolnou lokalitu, technologicky koncept, parametry
vstupujiciho odpadd a mnozstvi vyuzitého tepla odhadnout parametr GWP. Vysledky prace byly
publikovany v pfispévcich [A13] a [A14] a nasledné v impaktovaném Casopise [A15] (Pfiloha 5).
Jako ilustrativni pfiklad vysledku je na obr. 7 uvedena zavislost GWP na kapacité zafizeni EVO.
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Obr. 7 GWP jako funkce kapacity EVO, resp. dodavky tepla z EVO do CZT

Obr. 7 ukazuje, jak klesa pozitivni efekt vyroby tepla z EVO s jeho rostouci kapacitou. Pfestoze
zvySujici se kapacita znamena, ze EVO v ramci konkrétni sité (obr. 7 vpravo) doda v souhrnu
vice tepla (plocha pod profilem spotfeby tepla se zvySuje), mérna dodavka tepla vztazena na tunu
zpracovaného odpadu klesa, kvuli propadu spotfeby v letnich mésicich. Tim klesa také mérna
uspora paliva v konvenénim zdroji a tedy i Uspora CO2. Uvedeny pfiklad pfedpoklada, ze je
upifednostnéna dodavka tepla z EVO. DetailngjSi analyzy zpracované v ramci [B22] ukazuji, ze
v nékterych pfipadech se musi EVO podfidit provozu ostatnich zdrojl. Jedna se zejména o
pfipady pfedimenzovanych uhelnych kotli s vysokym minimalnim vykonem, poZadavek na
zajisténi nezbytné zalohy nebo poskytovani podplrnych sluzeb elektrizaéni soustavé [A16].

Analyza v [B19] zahrnovala také emise z dopravy odpadu do EVO. Lze konstatovat, ze z pohledu
zpracovani zbytkovych odpadl (SKO) je pfispévek dopravy k emisim zanedbatelny. Z pohledu
GWP je tedy zasadni se zabyvat maximalnim vyuzitim vyrobeného tepla pfi respektovani
vzajemné spoluprace vSech zdroju dodavajicich teplo do jednoho CZT, viz kap. 4.

3.4 Investicni naro¢nost, ekonomicka bilance

V ramci projektu [P5] byla v roce 2011 navazana uzka spoluprace se specialistou, ekonomem
Dr. Michalem MareSem. Cilem bylo rozSifit hmotnostni a energetické bilance o ekonomicky modul
tak, aby bylo mozné posuzovat ekonomickou udrzitelnost riznych technologickych variant EVO
v jednotlivych lokalitach. Navrzeny ekonomicky modul vychazi ze standardnich nastroju
ekonomické analyzy projektd a zahrnuje vykaz zisk( a ztrat (profit and loss), rozvahu (balance
sheet) a analyzu toku hotovosti (cash flow). Modul zahrnuje vSechny podstatné aspekty a vazby
mezi jeho jednotlivymi Eastmi jsou patrné z obr. 8.

Technologicky navrh a hmotnostni a energeticka bilance definuje trzby (SLS) a provozni naklady
(CST). Ty vstupuji do vykazu zisku a ztrat (PL), kde spole¢né s dalSimi polozkami (odpisy, uroky,
dané apod.) formuji Cisty zisk. Druha vétev modelu sleduje investice a reinvestice souvisejici
s nakupem technologie a jejim udrzovanim (DPR). Obé vétve se promitaji do vykazu penéznich
tokd (CF).
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Obr. 8 Struktura ekonomického modelu pouzitého pro hodnoceni zafizeni EVO

Na zakladé znalosti hlavnich parametri je stanoven Cisty, resp. volny, penézni tok. Ten se
nasledné diskontuje (zohledriuje se ¢asova hodnota penéz v budoucnosti [B41]) a dopocitavaji
se zdkladni charakteristiky projektu, jako je prosta mira navratnosti, Cista sou€asna hodnota
projektu nebo vnitfni vynosové procento (/RR) [B41]. Ekonomicky model byl nasledné
konfrontovan s pozadavky jednotlivych investori (napt. CEZ jako spolufesitele projektu [P2] a
dalSimi privatnimi subjekty v ramci zpracovani studii pro rdzné lokality).

Problematika hodnoceni projektd z pohledu ekonomiky je ve zjednodusSené formé zafazena do
vyuky pfedmétu Bilancovani procesnich a energetickych systémua (FSI-KBP), obor M-PRI, 2.
stupenl, 1. roénik, zimni semestr. Ziskané znalosti pak studenti vyuZiji v semestralni praci
predmétu Energie a emise (FSI-KEE-A).

Typ budouciho investora a jeho poZadavek na vynosnost, vyjadfeny nejcastéji pomoci vnitfniho
vynosového procenta (IRR), popf. WACC (Weighted average cost of capital) v pfipadé slozeného
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financovani, kdy se na investici podili také dalSi subjekt (typicky banka), ma vyrazny vliv na
projevi do vySe pozadovaného IRR, uvadi [B18], kde je zminén ukazatel ocenovani kapitalovych
aktiv (Capital asset pricing model — CAMP [B42]). Ten bere v Uvahu miru rizikovosti investice vici
moznosti bezrizikového investovani. CR je bezpeénou lokalitou pro investovani. V nasem
konkrétnim pfipadé se jedna o prlnik energetického primyslu a OH. Obé odvétvi vykazuji
dlouhodobé malou rizikovost. Po dosazeni v§ech parametrli do modelu CAMP se poZzadované
IRR z pohledu privatniho investora pohybuje okolo 10 % za podminky stabilniho legislativniho
prostfedi a nizkého rizika vzniku konkurenéniho projektu, ktery by udrzitelnost sledovaného
projektu mohl zasadnim zpUsobem ovlivnit.

Pfiklad vysledku modelovani ekonomiky EVO ukazuje obr. 9. Pro dvé konkrétni hodnoty IRR 9 a
11 % jsou zobrazeny pribéhy ocekavané ceny odpadu na brané v zavislosti na kapacité
projektovaného zafizeni EVO (obr. 9 a)). Cena na brané reprezentuje platbu producenta odpadu
za zpracovani jedné tuny odpadu. Pro budouciho provozovatele se tedy jedna o pfijmovou
polozku. SKO reprezentuje palivo s negativni cenou. Analogicky jako v pfipadé GPW, prabéh
ceny na brané ovliviuje dodavka tepla a zejména pak také klesajici mérné investi¢ni naklady.
Investiéni naklady EVO nerostou s kapacitou linearné, ale dle exponencialniho modelu
s hodnotou exponentu mensi nez 1. Pro technologii EVO byl v ramci projektu [P2] ovéfen
koeficient 0,8. (viz obr. 9 b). Se vzrustajici kapacitou je technologie realizovana ve vice linkach.
Vybrané provozni soubory (spalovaci zafizeni a kotel, systém ¢&isténi spalin) se opakuji. Jiné
zUstavaji spole¢né (pfijem odpadu a bunkr, energocentrum s turbinovym systémem).

Analyzy rovnéz potvrdily, Ze v nékterych lokalitach mdze byt vyhodné uvazovat o EVO
s kapacitou do 40 kt/r. Tato idea byla poprvé predstavena v [B43] a detailng€ji rozpracovana
uplatnéného tepla v CZT predstavuji kombinaci, ktera zejména v lokalitach, kde je nahrazovan
zemni plyn, vede k cenam za zpracovani na brané srovnatelnymi s dneSni drovni ceny za
skladkovani.

Vytvofené technicko-ekonomické modely byly pouzity pro feSeni celé fady studii, kdy
objednatelem byla mésta jako dominantni producenti SKO nebo provozovatelé existujicich zdroju
jako potencialni investofi do zafizeni EVO. Komplexni studie byly zpracovany pro nasledujici
lokality: Pisek, Tabor, Opava, Mélnik, Détmarovice.

a) b)
Obr. 9 Vypocet ceny odpadu na brané jako vysledek aplikace technicko-ekonomickych model(
(a) a pouzity model investi¢nich nakladud (b)
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Neni pfekvapenim, ze podminky, ovliviiujici ekonomiku planovanych EVO, se v jednotlivych
lokalitach budou lisit. Vysledkem bude, Zze se budou lisit také kfivky pro jednotlivé lokality
(analogické k obr. 9). Jednotlivé projekty Ize z pohledu ceny odpadu na brané vzajemné
porovnavat. Porovnavat je Ize i tfeba se sou€asnou cenou skladkovani nebo budouci cenou
skladkovani v pfipadé uzakonéni vyssiho skladkovaciho poplatku (obr. 10). Uvedeny postup
pfedstavuje moznost prvotniho hrubého rozliSeni mezi levnymi (konkurenceschopnymi) Ci
drahymi (nekonkurenceschopnymi) projekty.

B |nterval ceny na brané

Interval ceny na brané
W
EX

#% Dané/fpoplatky

Zafizeni:
A, B,C D-EVO
E, F - EVO se spalovaci dani
G,H - Skladky s dani (nizka, vysoka)

Obr. 10 Interval cen odpadu na brané pro rlizna zafizeni a poplatky/dané

Analyza ceny na brané, popf. GWP dle kap. 4.2, se souCasné stala zakladem detailnich analyz
vedoucich k doporuleni, kde a s jakou kapacitou projekty realizovat tak, aby vznikla kvalitni
infrastrukturni sit' s celkové nizkymi dopady na budouci cenu zpracovani a Zivotni prostfedi.
V takovém pfipadé je nutné zohlednit prostorové rozdéleni produkce odpadd a dopravu odpadu
do zafizeni ruznych kapacit. Problematice nadregionalniho pohledu na planovani kapacit zafizeni
EVO se vénuje kap. 4. Soucasné Ize testovat citlivost navrzeného feSeni na zménu vyznamnych
parametrd. Pfiklad je uveden na obr. 11. Projekt X nebude udrzitelny ani pfi vysokém
skladkovacim poplatku. Projektu Y potfebuje skladkovaci poplatek na urovni 80 EUR/t (dnesni
vySe je cca 20 EUR/t). Parametr Spolehlivost, pouzity na svislé ose, bude vysvétlen v kap. 4.1.

Obr. 11 Vliv skladkovaciho poplatku na udrzitelnost projekt(l ve dvou odli§nych lokalitach
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4 EVO v kontextu regionu, alternativni moznosti
a teplarenstvi

V pfedchozich kapitolach prace byl diskutovan vyznam EVO a struéné predstaveny jeho
charakteristické rysy. Obr. 4 ukazuje propastny rozdil mezi sou€asnou instalovanou kapacitou
zafizeni EVO a potfebnou kapacitou, vyjadfenou mnozstvim materialové nevyuzitelnych odpadu.
Kap. 3.4 pak predstavila postupy vedouci k odhadu ceny odpadu na brané konkrétnich projekt
v dané lokalité. Zasadni otazkou je, jak by méla byt potfebna kapacita rozprostiena v ramci tzemi
CR. Pfitom je nutné sledovat ekonomické hledisko (zajisténi cenové pfijatelného zptsobu
nakladani s odpady pro vSechny producenty nebo alespon vétSinu producent(l) a environmentalni
hledisko.

POH CR, schvéaleny vroce 2014 jako vrcholovy planovaci dokument CR v oblasti OH,
vyhodnocuje potfebnou kapacitu EVO z pohledu nakladani s komunalnimi odpady pfi zohlednéni
budouci miry separace. Doporu¢ena kapacita pro rok 2024 &ini 1,47 mil. tun a je agregovana za
celou CR. Rozprostteni kapacity v ramci tzemi CR a jednotlivych krajti neni v POH CR Fe$eno.

Prvni pokus o vyhodnoceni rozloZeni potfebné kapacity EVO ve vétSim detailu tzemniho ¢lenéni
CR byl proveden v ramci projektu [P5]. Zakladni tzemni jednotkou byly kraje. Ptvodni myslenkou
bylo analyzovat jednotlivé kraje separatné, tzn. nebyla uvazovana mezikrajova spoluprace.
Predpokladem bylo, Ze jednotlivé kraje jsou viceméné sobéstacné.

Bilanéni vypocet bez asistence pokrocilého nastroje v ramci projektu MPO-Efekt uvazoval:

e projekty EVO s roéni zpracovatelskou kapacitou nad 100 kt/r,
e se 100% prednosti dodavky tepla z EVO do existujici sité CZT.

Na prvni pohled bylo z vysledk( ziejmé, Ze rozdilnost produkce, existence Ci neexistence siti
tepla v méstech jednotlivych kraji nemusi v pfipadé takového pfistupu vést k efektivnim
vysledkdm. Kli¢ovym pojitkem byla logistika a odpovéd na otdzku, za jakych podminek je
vyhodné odpady pfevazet i na delSi vzdalenosti do zafizeni nadregionalniho vyznamu
(centralnich zafizeni). Sou€asné byl diskutovan vyznam nového konceptu EVO s malou
kapacitou (viz vySe a [B43]). Otazkou bylo, zda neni lepSi vytvofit sit vice menSich mikro-
regionalnich zafizeni.

Z vySe uvedeného lIze vyvodit zavér, Ze na takto poloZené otazky nelze odpovédét bez efektivni
podpory vypod&tovych nastroji. Je nutné vzajemné posuzovat rozsahlé uzemi (CR) a mnoho
potencialnich projektt (fadové 20 az 30 lokalit, kde jsou dnes provozovany systémy CZT),
pficemz produkce odpadl je uzemné distribuovana a liSi se v rliznych ¢astech Uzemi zejména
s ohledem na pocet obyvatel, ekonomickou silu regionu, procentualni zastoupeni rdznych typu
bydleni a miru tfidéni KO, popf. existenci a charakter primyslové vyroby (primyslové odpady).

Podstatnym aspektem pro naplnéni planované kapacity je dostupnost odpadu a jeho doprava od
producentl do konkrétniho zafizeni. Proto vznikla myslenka vytvofit pro ucel planovani kapacit
zatizeni EVO v CR optimalizaéni sitovou Glohu. Vyvoj nastroje od prvotni myslenky po finalni
produkt, pouzitelny v praktickém mé¥itku, je ptikladem spoluprace mezi UPI a UM. Prvni koncept
byl navrzen v bakalafské praci [B44]. Uloha pozdé&ji dostala propaga&n&-marketingovy nazev
NERUDA. Inspiraci byla nerudovska otazka ,Kam s nim?*.
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4.1 Vypoctovy nastroj NERUDA

NERUDA je nastroj pro logistické dopravni ulohy. Analyzované uzemi je rozdéleno do tzv. uzld,
které reprezentuji produkci v daném uzemnim celku. Zakladni urover detailu pro tzemi CR je
obec s rozsitenou plisobnosti (ORP), kterych je v CR 206. Soudasti tlohy je model infrastruktury,
ktery popisuje silniéni a zelezniéni sit mezi jednotlivymi uzly. Jednotlivé hrany jsou v souladu
s teorii grafi ohodnoceny matici parametrl, které popisuji specifické aspekty jednotlivych
systému (vzdalenost, zpoplatnéni mytem, druh komunikace, dopravni omezeni apod). Nad touto
siti probiha optimalizacni vypocet, kdy jsou minimalizovany celkové naklady na dopravu a
zpracovani odpadu, popf. je Uloha feSena jako vicekriterialni optimalizace. Jako neznamé veli¢iny
(a tedy vystupy) jsou kapacity zafizeni v jednotlivych lokalitach a toky po jednotlivych hranach.

Vysledek vypoctu je pak viditelny na obr. 12 v pravé poloviné. Obrazek ukazuje doporucené
rozmisténi zafizeni EVO, jejich optimalni kapacitu (¢im vétsi symbol, tim vétsi kapacita), svozové
trasy do jednotlivych zafizeni, pouzity systém dopravy (silni€ni, Zelezni¢ni — v obrazku odliSeno
barvou) a umisténi prekladist odpadu.

Obr. 12 Infrastrukturni model a pfiklad vizualizace vysledkd vypoctu pomoci nastroje NERUDA

Ihned po dokonceni prace [B44] nasledovala prvni aplikace nastroje v ramci studie pro Skupinu
CEZ, a.s. Ukolem byl prvotni screening vhodnych lokalit pro vystavbu zafizeni EVO. Zpétna
vazba zredlné zakazky a diskuse s potencialnimi investory vedla ke kontinualnimu rozvoji
nastroje, ktery je detailné popsan v dizertaéni praci [B18]. Rozsahlost ulohy a nutny poZadavek
na jeji aplikacni schudnost si vyzadaly vyvojové prace, zaméfujici se na Sirokou oblast od rozvoje
matematického modelu po hodnoceni realné aplikovatelnosti a dosazeni vysledku v pfijatelném
Case. Jako prfiklad dil¢iho vyvojového kroku Ize jmenovat bakalafskou praci [B45] (vypracovano
na UM), ktera umoznila testovat vypo&tovou naroénost modelu pfi vzriistajici velikosti sité a riizné
implementaci modelu infrastruktury ve formé grafu, nad nimz vypocet probiha (uplny graf,
bipartitni graf apod.). Navrzeny algoritmus, ktery vyuzil heuristicky pFistup ke generovani virtualni
sité, byl natolik inspirativni, Ze byl pozdéji prezentovan v pfispévku [A17].

Na narodni trovni byl nastroj NERUDA vyuzit pfi feSeni projektu [P6], kde se jiz pIné ukazaly jeho
prednosti, zalozené vesmés na systematickém kontinualnim vyvoji tohoto nastroje. Dale byl
NERUDA pouzit pfi feSeni studii v oblasti navrhu systému zpracovani zbytkovych materialové
nevyuzitelnych odpadl na niz§ich izemnich celcich, konkrétné dvakrat na krajské urovni (2015)
a dvakrat na mikroregionalni urovni (2015 a 2016). V roce 2015 pak byla na nastroji NERUDA
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postavena metodika feSeni rozsahlého projektu [P1]. Ukolem tymu vedeného autorem této prace
bylo provést navrh optimalni sité nakladani s odpady pro celou fadu skupin odpadd zahrnujicich
jak komunalni, tak primyslové odpady.

Ruzné aplikace a modifikace nastroje NERUDA byly publikovany v impaktovanych ¢asopisech.
Prace [A18] (viz Pfiloha 6) sumarizovala princip nastroje NERUDA a jeho funkénost byla
demonstrovana na pfipadové studii, zaloZzené na datech ziskanych v ramci vySe zminéného
projektu [P6]. Zakladni pfipad vyuziti nastroje NERUDA je zaloZen na znalosti kfivky ceny odpadu
na brang, ziskanou postupy popsanymi v kap. 3.4. Kfivka pfedstavuje vstup do optimalizaéniho
modelu a hleda se takova kapacita, které sou¢asné vyhovuje cené na brané. V obr. 13 je tento
pristup oznacen Sipkou s popisem (NERUDA — zakladni princip). Vysledek ulohy tedy lezi na
kfivce ceny na brané.

Y Zakladni princip
L

o
=
+ ."‘ *
¥ — L
-

Modifikace - T—

fixni cena

Cena na brané

Kapacita
Obr. 13 Princip pfistupu k cené odpadu na brané pfi rliznych aplikacich nastroje NERUDA

Uloha, fe$ena nastrojem NERUDA je koncipovana jako stochasticka, tzn. néktery ze vstupnich
parametru je bran jako neurdity. Typicky se jedna o cenu na brané, kdy je kfivka, zobrazena na
obr. 13, posouvana ve sméru osy y, ¢imZ vznikne pas ceny na brané, ze kterého je vstupni cena
pro jednotlivé scénafe volena nahodné. Stochasticky pfistup umozrnioval definovat tzv. Survival
function (R(c) v obr. 14). Funkce reprezentuje uspé3nost konkrétniho projektu a jedna se o podil
poctu scénaru, kdy byl projekt s urcitou kapacitou doporucen, vici celkovému poctu scénarl. Na
zakladé tvaru funkce Ize identifikovat projekt jako rizikovy (a) nebo malo rizikovy (b).
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a) Projekt s vysokou mirou rizika b) Udrzitelny projekt

Obr. 14 Ptiklady vysledk( pro hodnoceni rizikovosti projektu EVO s kapacitou nad 80 kt/r ve
dvou rliznych lokalitach X a Y a dva scénare Sc1 a Sc2 (upraveno na zakladé [A18])

Rizikovost projektd EVO byla dale rozpracovana v €lanku [A19] (viz Pfiloha 7). Je nutné zminit,
Ze napf. v prispévku [B46], [B47] a [B48] je dostupnost odpadu zminéna jako jeden z rizikovych
faktor( vystavby projektu EVO. Provedena reSerSe odhalila, Ze dosud publikované prace
neuvadély metodiku, jak dostupnost odpadu vycislit. Toto bylo provedeno v pfispévku [A19], kde
byl definovan pojem ,waste availability a waste availability factor - WAF*. Dostupnost odpadu
v tomto kontextu neni chapana pouze jako mnozstvi vyprodukovanych odpadd v konkrétnim
vymezeném regionu, ale dostupnost je ovlivnéna cenou za zpracovani. Extrémné vysoka cena
na brané (gate-fee), vyzadovana budoucim provozovatelem (napf. jako dusledek vysSi
ocekavané vynosnosti), mize znamenat malou ochotu producentu vyuzit toto zafizeni, pokud
naleznou jiné vyhodnéjsi (levné;jsi) feSeni. Dostupnost odpadu bude nizka. Naopak nizkéa cena
za zpracovani mlze zp(sobit, Ze i producenti ze vzdalenéjSich mist budou ochotni odpad
dopravovat do zafizeni. | pfes zvySené naklady na transport nizka cena na brané povede
k atraktivnim celkovym nakladim. Dostupnost odpadu v takovém pfipadé bude velka.
Dostupnost odpadu tedy bude zaviset na cené na brané. Podstatné je, ze zavislost dostupnosti
odpadu na cené lze vypocitat s vyuzitim nastroje NERUDA, resp. analyzou vysledkd mirné
modifikované lohy. Uprava je znazornéna v obr. 13 vodorovnou &arou. Cena za zpracovani je
fixni, a tedy nezavisi na kapacité. Kapacita se uvolni a hleda se takové mnozstvi odpadu, které
se vyplati do zafizeni s danou cenou na brané svazet. Pfi ménici se cené je vysledkem kfivka
dostupnosti odpadu. Jedna se tedy o alternativni vyuZiti sitové ulohy.

4.2 Environmentalni aspekty v ucelové funkci nastroje NERUDA

Dosud prezentované aplikace nastroje NERUDA se zaméfily na ekonomickou optimalizaci.
Ugelovou funkci Ize roz§ifit také o ekologické hledisko. Globalni oteplovani, pficitané produkci
antropogenniho COz2, predstavuje silné diskutované téma. Jednim z odvétvi, které vyznamné
pfispiva k produkci sklenikovych plynd, je odpadové hospodafistvi. Priklady hodnot GWP jako
indikatoru tvorby sklenikovych plynu pro zafizeni EVO byly uvedeny v kap. 3.3. Pro srovnani jsou
v obr. 15 uvedeny typické rozsahy GWP pro zpracovani zbytkovych odpadu v riznych zafizenich.
Ze srovnani je zfejmé, Zze v CR dnes nejrozsifenéjsi metoda skladkovani produkuje vyznamné
mnozstvi GHG, a to ve formé tzv. skladkovych plyn(, které jsou zastoupeny zejména metanem.
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GWP je vyznamné i pro skladky, které jsou vybaveny systémem odplynéni. Zdroj [B49] uvadi, ze
Ize dosahnout ucinnosti zachytu cca 75 %.

Z technického hlediska vSak nelze skladku zabezpecit dokonale. Analogicky jako pro EVO (viz
kap. 3) Ize zpracovat analyzu GWP pro technologii MBU, ktera je povaZovana za alternativu EVO.
MBU predstavuje zafizeni pro mechanicko-biologickou tpravu odpadl. Nejedna se o cilové
zarizeni, ale pouze mezistuper zpracovani, ktery ma za Ukol vstupni tok rozdélit na nékolik frakci,
se kterymi je nakladano samostatné. Jednim z vystupu je tzv. palivo z odpadd (RDF). Obr. 15
v tfetim sloupci zobrazuje celkovy dopad rGznych variant zpracovani odpad( na bazi paliva (tzv.
RDF) v ramci celkového fetézce zpracovani SKO v MBU s naslednym vyuzitim kalorickych
produktt (RDF).

Obr. 15 Uhlikova stopa vyjadfena pomoci GWP riznych technologii zpracovani SKO (upraveno
na zakladé [A15]

Informace o GWP rlznych zpracovatelskych systém( SKO byly vyuzity pro vytvoreni
vicekriterialniho optimalizagniho modelu, ktery byl popsan v [A20] a dale rozpracovan v [A21].
Environmentalni &ast ucelové funkce byla vyuZita jako omezeni pro ekonomickou ulohu
NERUDA. Postupné bylo snizovano mnozstvi dovolenych GHG emisi ze zpracovani SKO ve
vSech zafizenich a byl sledovan dopad na skladbu zafizeni. Sou€asny systém s celkovou
produkci 495 tis. t CO2eq (220 kg CO2eq/t), ktery je zalozen na skladkovani SKO, se ménil.
Obr. 16 zobrazuje jeden z vysledkd vypoctu. Jedna se o tzv. Paretovu frontu, coz je typicky pfiklad
vysledkl vicekriterialni optimalizace, ktera dava do vztahu pramérné naklady na zpracovani
jedné tuny SKO s mérnymi emisemi. Vypocet potvrdil, Ze pfechod na nizkouhlikové odpadové
hospodafrstvi, spojeny s dosazenim cild EU o max. mnozstvi skladkovanych komunalnich odpadi
(kap. 2.3), bude spojen s vy8Simi naklady. Doporu€ené feSeni s celkovou Usporou emisi GHG
770 tis. t/r oproti sou€asnému stavu pfedpoklada kapacitu EVO 1,3 mil. t/r (sou€asna ¢ini
740 tis. t/r, viz obr. 4) a bude znamenat pouze minimalni zvy$eni nakladl. Emise CO: jsou dnes
obchodovany v ramci (ETS z anglického Emissions Trading System). Sektor odpadového
hospodarstvi do ETS neni zahrnut. Jeho zahrnuti v8ak nelze do budoucna vyloucit. Znamenalo
by to jasnou hnaci silu a ekonomickou podporu pro pfechod od skladek k SetrngjSim formam
nakladani s odpady.
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Obr. 16 Vztah mezi budoucimi naklady na zpracovani SKO v CR a uhlikovou stopou (upraveno
na zakladé [A21])

Obr. 16 ukazuje agregovany vysledek za celé feSené uzemi, tzn. CR. Pozornost souéasné byla
vénovana také detailni analyze, jak jednotlivi producenti odpadu pfispéji k tvorbé ¢i uspofe GHG
podle toho, jakou variantu zpracovani SKO v budoucnu vyuziji. Bliz§i rozkli€ovani téchto vztahu
vSak vyzaduje specializovany model, ktery se nasadi na vySe prezentované vysledky tzv. globani
ulohy. Problematika je feSena v [A22] (viz Pfiloha 8).

4.3 Kvantitativni hodnoceni uzlu sit'ové ulohy — prognéza mnozstvi
odpadu

Rozvoj a nasledné aplikace nastroje NERUDA, ktery optimalizuje nakladani s odpady pro sit
producentll, zahrnujici stovky uzl( (producentl), vyzaduje znalost kvantitativniho parametru
(produkce) ve vSech uzlech sité. Navic je ,vypocet NERUDA® obvykle situovan do budoucnosti —
napf. do roku, ke kterému je vazana urgita zména (2024 zakaz skladkovani v CR). Modeluje se
budouci systém infrastruktury, jejiz vystavba je Casové naro€na.

Nastroj NERUDA Ize zaradit do skupiny tzv. ,supply-chain models® a jesté pfesnéji mezi tzv.
reverzni Ulohy, kde se vysledny produkt (vétSinou nechtény, jako napf. odpad, popf. nevyuzité
zbozi nebo zbozi reklamované) vraci od producenttd do mensiho poctu centralnich bodu [B16].
Byla provedena reSerSe, jak autofi publikaci, vénujici se ,supply-chain modelim®, pracuiji
s parametry pro ohodnoceni uzll. Zavér je takovy, Ze vétSina ¢lankl v této oblasti se zaméruje
na prezentovani vlastnosti modeld. Analyza vstupnich dat pro nasledné realné vypocty
publikovana neni. Ve vétsiné pfipadd detaily uvedeny nejsou. Vysledky reSerSe spolecné
s vysledky podrobné analyzy dostupnosti a systému zpracovani dat v OH v CR vedla autora
prace k nutnosti iniciovat vyzkumné aktivity v oblasti prognézovani prostorové distribuovanych
hierarchicky uspofadanych dat. Vysledky vyzkumu jsou shrnuty v dizertani praci [B20] a
v ¢lancich v impaktovanych ¢asopisech [A23] (viz Pfiloha 9). Vypoc&tovy nastroj dostal oznaceni
Justine a je opét vysledkem spoluprace UPI a UM. Ptipadova studie v [A23] vychazela z projektu
[P1] a zabyvala se prognézou nebezpeénych odpadu. Specifickym rysem bylo, Ze se celkem
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zabyvala 380 typy odpadl (katalogovych Cisel), které byly sdruzeny do 6 skupin. Podstatné je,
Ze skupiny byly disjunktni a jednotlivé skupiny se neovliviiovaly. Progn6zu proto bylo mozné fesit
Sesti paralelnimi vypocty. Tento pfipad Ize oznadit jako prognézu bez interakce komponent.

publikovan v [A26] (viz Pfiloha 10), je progndéza mnozstvi a slozeni komunalnich odpadl. Tento
pfipad byl opét poprvé FfeSen v ramci studie [P1] a dale byl rozpracovan v projektu [P2]. Jak
nepfimo vyplyva z kap. 2, existuje zavislost mezi mnozstvim separovanych odpadu, jako je papir,
plast a sklo, a obsahem té&chto komodit ve zbytkovych odpadech, jejichz soulet tvofi produkci
zbytkového SKO. Pokud je vytfidéno vice plast(l, musi jich méné zlstat v SKO. Takovy systém
byl oznacgen jako systém s interakci [A23] (viz Pfiloha 9) a kromé& ,uzemni podminky“, ktera
vyzaduje zachovani hmoty ve stromové struktufe, musi v takovém systému jesté platit zdkon
zachovani hmoty jednotlivych komponent vyjadfeny tzv. ,podminkou slozeni“ [A26]. Pocet
omezeni v modelu Justine vzrlsta. Problematika prognézovani a dal$i rozvoj nastroje Justine
je FeSen v ramci probihajiciho projektu [P7], jehoz je autor hlavnim feSitelem.
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5 Shrnuti a dalsi sméry vyvoje

Dosavadni vyzkum autora v pfedmétné oblasti se snahou o Uzkou spolupraci s aplikacnim
sektorem generuje dalSi vyzkumné vyzvy. Jako pfiklad jsou uvedeny dva tematické okruhy, které
jsou rozpracovany, ale dosud nebyly publikovany. Spoleénym znakem je vyuziti modernich
matematickych modell pro fe$eni praktickych uloh. Rozvoj téchto nastrojll (po teoretické strance)
probiha v ramci dvou feSenych projektd [P8] a [P9].

5.1 Komplexni posouzeni integrovaného systému EVO - teplarna

VyS$e bylo zminéno, Ze zasadni pro ekonomiku a enviromentalni dopad je uplatnéni tepla z EVO
v siti CZT. Doposud provedené analyzy vychazely ze znalosti potfeby tepla v dané siti CZT, ktera
byla nej¢astéji definovana ve formé kfivky tvofené spotfebou tepla b&€hem 12 mésict (viz obr. 7).
PFi analyzach se dale pfedpokladalo, Zze EVO bude preferovanou technologii, tzn. Ze teplo z EVO
bude vyuzito pfednostné. Tato situace byla znazornéna na obr. 7, kde dodavka tepla z EVO
pokryva spodni ¢ast diagramu a je limitovana pouze celkovou spotfebou tepla v siti.

Dosavadni analyzy, prezentované v [B22] a zejména pak v pfispévcich [A27] (viz Pfiloha 11),
[A16] a [A28], ukazuji, Ze pro zpfesnéni odhadu dodavky tepla a tim i celé ekonomiky EVO
je nutné zohlednit také dalSi aspekty:

e Posouzeni budouciho systému, kde integrované EVO spolupracuje s existujici teplarnou,
je vyznamné z pohledu vyuziti jednotlivych zdroju

e Analyza v kratS§im Casovém intervalu vede k pfesnéjSim vysledkim. Jako vhodny
kompromis mezi pfesnosti a vypocétovou naro€nosti se jevi denni prameéry. Hodinové
primeéry jiz znatelné prodluzuji vypoctovy €as a jejich pfinos k pfesnosti je zanedbatelny.

e Zohlednéni realného vyuziti jednotlivych zafizeni, ze kterych se systém sklada, rovnéz
ovliviuje vysledky. Teplo z EVO nemusi byt vZdy prioritné vyuzito. PFi¢innou mohou byt
technicka omezeni — vykonovy rozsah kotlli, poskytovani podpdrnych sluzeb elektrizacni

soustavé, zalohovani zdroju. O vyuziti jednotlivych kotlh a turbin rozhoduje ekonomika,
doplnéna o omezujici podminky (jako napf. maximaini. produkce CO3) [A28].

e Pfima akumulace energie ve formé& vyrobeného tepla nebo vyuziti odpadni tepla pro
zvySovani energetické hodnoty vstupnich paliv (suSeni kalG z €istiren odpadnich vod
a nasledna pfiprava palivového mixu s materialové nevyuZitelnymi plasty) zlep3uje
ekonomiku celého systému.

e Cena tepla z EVO, ktera vstupuje do technicko-ekonomického modelu, popsaného
v kap. 3.1, by méla byt pfedmétem vypoctu. Princip byl prezentovan v [A16]. Dil€i analyzy
ukazuji, ze cena tepla a také skutecné mnozstvi dodaného tepla vyrazné zavisi na
budoucim provoznim rezimu existujicich zafizeni, resp. moznosti jejich odstaveni a tim
ziskani uspor variabilnich nakladu (palivo, emisni povolenky apod.).

V tomto kontextu je pfinosné pokracovat ve vyvoji nastroje dle [B22].

5.2 Rozsireni nastroje NERUDA o kritéria souvisejici s emisni stopou

Kap. 4.2 ukazala, jak sitovy model mize kombinovat ekonomické a ekologické aspekty. Indikator
GWP, na kterém byl dopad na Zivotni prostfedi dosud pfedstaven, Ize povaZzovat za indikator
prispévku ke globalnimu jevu, v tomto pfipadé globalnimu oteplovani. V souvislosti s realizaci
budouci infrastruktury OH a zejména pak EVO je odbornd i laicka debata vedena spiSe ohledné
lokalnich dopadu. Patfi sem produkce $kodlivych emisi a v mnoha pfipadech také hlukova zatéz.
Prestoze rozptylové studie, které maji za ukol posoudit dopad zamért na zménu kvality ovzdusi,
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jsou soucasti povolovacich procesl a jsou tedy vyzadovany legislativou, lokalni dopady pfi
planovani umisténi a kapacity nejsou v sou€asnych simula¢nich a optimalizaCnich nastrojich
zahrnuty. Nastroj oznaCeny jako holisticky by toto mél ovSem umét. V Clanku [A29] byla
pfedstavena idea takového nastroje. V sou€asné dobé probiha vyvoj nastroje jako celku. Nastroj
by mél pfi planovani zpracovatelskych kapacit zohledfovat:

e ekonomickou stranku — naklady na dopravu a zpracovani, naklady na zpracovani
v priibéznych zafizenich a zpracovani v koncovych zafizenich,

e globalni environmentalni dopady vyjadiené GWP,

e hustotu osidleni,

e soucasnou uroverl znecisténi ovzdusi,

e intenzitu a smér Sifeni emisi z nové planovanych zdrojli a souvisejici dopravou,

e Uspory emisi ze sou¢asnych zdrojl v dusledku nahrady tepla, popt. elektfiny.

Jedna se o vicekriteridlni optimalizaci, na kterou Ize nahlizet z vice uhli pohledu. Pro minimalni
cenu je podstatna co nejuzsi synergie s teplarenskym zdrojem — co mozna nejvyssi vyuziti tepla
ale také sdileni existujici infrastruktury, nakupovanych sluzeb i zaméstnanc(l. Vzhledem k poloze
aredll teplarenskych zdroju v blizkosti spotfebitelll tepla bude EVO lokalizovano pfimo v husté
obydlenych oblastech &i v jejich blizkosti. Takové feSeni dava ekonomicky i environmentalni
smysl z pohledu minimalizace dopravy odpadd. Na druhou stranu, koncentrace dopravy
v blizkosti EVO a zvySena lokalni emisni zatéz je zfejmy divod protesti obyvatel. Druhé
extrémni feSeni je lokalizace EVO mimo obydlené oblasti. V takovém pfipadé musi byt realizovan
odvoz odpadu do tohoto zafizeni. Takové EVO bude mit ¢asto omezenou nebo Zadnou moznost
obyvatelstvo bude nizky. Nedojde ale k Uspofe emisi v dlisledku nahrady fosilnich paliv.
Holisticky nastroj muze takové externality identifikovat a modelovat, jak pfisnéj$i poZzadavky na
snizovani lokalnich environmentalnich dopad( ovliviiuji naklady na zpracovani. Na zakladé ceny
za ,ekologii“ Ize stanovit omezeni projektu.

Je evidentni, ze popsany vypoctovy model bude naro¢ny na vstupni data. Jako pfiklad Ize
jmenovat:

e aktualni emisni mapy a meteorologické informace,
e rozlozeni pohybu obyvatel v méstské infrastruktufe v &ase,

e soucasny energeticky mix v modelovanych lokalitach a emise souvisejici s dodavkou
elektfiny a tepla.

Uvedené datové soubory jsou dostupné a ziskatelné. Za predpokladu, Ze je cilem vypoctu uréeni
mista budouciho zaméru a jeho kapacity, je pro uréeni dopadu nutné modelovat rozptyl emisi
z bodového zdroje (zafizeni EVO) a soucasné liniového zdroje — doprava odpadd po hranach
grafu. Jedna se o vypoctové naroCnou ulohu. Z dosavadniho vyzkumu [A29] se zda byt
realistické, ze Ize provést rozsahly pre-processing, ktery poskytne nahradni vstupy a udrzi vlastni
optimalizacni ulohu feSitelnou.

5.3 Routingové algoritmy a ,oteviena data“ - optimalizace svozu
odpadu

Dal$im atraktivnim smérem vyzkumu, ktery je zminén v této praci, je myslenka vyvoje
vypocétového nastroje pro zefektivnéni systému svozu odpadld pro nasledné materidlové
a energetické vyuziti. Svoz frakci komunalniho odpadu predstavuje nakladnou aktivitu, ktera
zatéZuje kazdoro€ni rozpocet obci. Naklady se IiSi podle typu odpadu, velikosti svazené
aglomerace a dle systému, prostfednictvim kterého je sbér a svoz realizovan. Mezi klicové

34



parametry patfi sypna hmotnost a hustota produkce, tj. realné prejezdové vzdalenosti mezi
kontejnery. Napfiklad primérmé naklady v CR na svoz a odstranéni & vyuZiti smésného
komunalniho odpadu ¢&inily v roce 2017 cca 2700 K¢&/t. Za svoz separovaného plastu, jeho
dotfidéni to v praméru bylo 7500 K¢/t [B50].

Do budoucna Ize ze strany EU a vyvijejici se legislativy CR o¢ekavat rostouci tlak na mnozstvi
separované sbiranych slozek (papir, plast, biologicky rozlozitelny odpad a dalsi). S vySe
uvedenym Ize o€ekavat vzrlstajici naklady na svoz a vyuziti nezbytné infrastruktury, ktera ma
smérfovat k naplfiovani principu cirkularni ekonomiky.

Cilem je vytvofit nastroj, ktery pomuze pro dané mésto, aglomeraci, popf. pfilehlé obce,
v horizontu cca 5 let nastavit efektivni systém svozu potencialné materialové vyuzitelnych slozek,
ktery bude zalozen na nasledujicich atributech:

e dosazeni cilovych hodnot vyt&Znosti, minimainé dle pozadavk( danych legislativou CR,
popF. vysSich, pokud to bude vyhodné,

e ekonomicka pfijatelnost,

e aplikace ,SMART" feSeni (dlouhodobé sledovani vytéZnosti a nakladi jako nutna
podminka pro hodnoceni realného potencialu budoucich zmén),

e dlsledné hodnoceni ziskanych dat a vyvozeni zavéra, navrh opatfeni.

Z provedené reSerSe [B51] vyplyva potfeba disponovat optimalizaénim nastrojem na bazi
routingovych algoritm (ARC nebo VRP). Byla predstavena celd fada teoretickych konceptu
a matematickych modelt pro takovou ulohu. Prakticka aplikovatelnost vSak vyzaduje vedle
robustniho matematického fesSeni zohledriovat redlné situace, které svoz ovliviuji. Jedna se o:

e kolisajici produkci svazenych odpadi,
e uzavirky a dopravni omezeni na svozovych trasach,
e ménici se intenzitu dopravy v kritickych mistech méstské infrastruktury.

Nezbytné tedy bude vyuzivani otevienych dat, jejichzZ mnozZstvi se bude v prostiedi SMART Cities
zvySovat a jejich dostupnost bude naristat.

Nasledujici text pfinasi zamysleni nad tim, jak by mohl fungovat takovy systém optimalizace
svozu odpadu.

Sbérné nadoby (kontejnery, popt. popelnice) jsou sledovany za pomoci snimacl naplnénosti
kontejneru. V pfipadé nadob s malym objemem neni nutné sledovat vSechny, ale analyzou jsou
stanoveny reprezentanti. Po dosaZeni stanovené miry naplnéni jsou svaZzeny. Kazdy snimacg
disponuje z&kladnimi informacemi o nadobé (ID, poloha, velikost, druh komodity). Obsluha
kontejneru je realizovana pomoci svozovych vozidel (KUKA vozU). Kazda svozova trasa vozidla
je planovana na zakladé aktualniho stavu naplnéni nadob. Soudasné mohou byt svezeny
i nadoby s nizSi napInénosti, pokud systém vyhodnoti, Ze je to ekonomické a levnéjsi, nez kdyby
tato nadoba méla byt svazena pozdéji. V okamziku vysypu se automaticky snimaji zakladni
informace o dané nadobé. Odpad je nalozen na KUKA vlz a odvazen do koncového zafizeni,
kterym miize byt dotfidovaci linka, kompostarna, zafizeni pro energetické vyuziti (v pfipadé SKO)
Ci jiné zafizeni. Svozovy viz je mozné prubézneé vazit. Typicky se toto provadi pfi svozu vice obci
jednim vozem na zacatku a konci obce. Analogicky Ize sledovat vytéZnost a produkci v riznych
Castech mésta, méstskych c&tvrtich, rlznych typech zastavby a tim zpfesfiovat modely
prognézovani produkce.

Svozovy automobil po napInéni (v dusledku optimalizace svozovych tras je maximalné vyuzita
kapacita) pfijizdi na dotfidovaci linku. Automobil je identifikovan (komodita, svozova trasa,
jednotlivy producenti apod.) a pfesné zvazen. V tuto chvili je svezené mnozstvi odpadu
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rozpocitano mezi producenty na zakladé verifikovaného algoritmu, ktery mimo jiné vyuziva dilci
informace o naplnénosti vSech svezenych nadob a pribéznych vazeni celého automobilu.

Svezena frakce je dotfidéna a rozdélena na jednotlivé komodity, které jsou recyklovatelné
a obchodovatelné na trhu druhotnych surovin (skuteéné materialové vyuziti) a materialové
nevyuzitelny zbytek (sekundarni odpad, viz obr. 2), ktery bude skladkovan (vyhledové energeticky
vyuzivan). Jednotlivé frakce jsou shromazdovany ve velkoobjemovych kontejnerech. Pfi vyvozu
je kontejner identifikovan a zvazen. Ziskana data jsou zpracovana sofistikovanymi algoritmy
s cilem:

e urcCit vytéznost skute€né vyuzitelnych slozek, které se uplatni na trhu,

e provést vypocet skutecnych nakladu na produkci jednotlivych komodit pfi zohlednéni
celého fetézce (svoz, dotfidéni — cena na trhu) nejen souhrnné za sledované obdobi
a Uzemi, ale také individualné pro jednotlivé producenty (ulice, obce, apod.) v riznych
¢asovych obdobich

e optimalizovat cely fetézec.
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6 Zaver

Odpadové hospodarstvi je relativné mlady a dynamicky obor. V rozvinutych zemich svéta Ize
pozorovat trend sméfujici k nakladani s odpady environmentalné Setrnym zplsobem, kdy
je snaha maximalné redukovat spotfebu primarnich surovin. Tento trend se oznaluje jako

cirkularni ekonomika a zejména EU je velmi aktivni na poli pfipravy a schvalovani legislativy,
podporujici cirkularni principy v odpadovém hospodarstvi.

Vybrané legislativni pfedpisy jsou v praci shrnuty a zdtiraznény dlouhodobé cile, které z nich pro
CR vyplyvaiji. Na zakladé volné dostupnych dat o produkci komunalnich odpadii byl ukézan vyvoj
klicovych indikatori v poslednich letech. Soucasny trend pozvolna klesajiciho mnozstvi
skladkovanych biologicky rozlozZitelnych i v8ech komunalnich odpadl je nedostatecny.
Nedostate¢na je rovnéz priprava komunalnich odpadl pro materidlové vyuziti. Jako hlavni
problematicky proud byl identifikovan smésny komunalni odpad — materialové obtizné vyuzitelny
zbytkovy odpad. Jeho preferovanym zpusobem vyuziti je energetické vyuziti. Instalovana
kapacita zafizeni EVO je v CR 740 tis. tun/r a je nedostateéna. Prestoze v kontextu EU neni
energetické vyuziti pfilis§ podporovanou technologii, jeji kapacitu je nutné do budoucna zvednout
na dvoj— az trojnasobek soucasné hodnoty.

Prace se zaméfila na sumarizace pokroku ve vyvoji sofistikovanych vypoc&tovych nastroji pro
podporu koncep&niho planovani zpracovatelskych kapacit. Jako pfiklad vysledku vyzkumnych
aktivit byl uveden celoCiselny linearni stochasticky model sitové ulohy s nazvem NERUDA a jeho
doplfikové moduly. Vysledek je ukazkou efektivni mezioborové spoluprace zalozené na vyuziti
moznosti aplikace metod z oblasti matematiky v priimyslové i komunalini sféfe (opét zaloZzeno na
Uzké spolupraci mezi Ustavem procesniho inZenyrstvi a Ustavem matematiky FSI VUT v Brné pfi
zadavani a vedeni zavére¢nych praci).

Na zakladé autorem publikovanych praci zejména v impaktovanych Casopisech byl ukazan
pfinos existence takového modelu pro dal$i vyzkumné aktivity i aplikace v komereni sféfe. Zpétna
vazba z prdmyslové sféry je pak hnaci silou pro dal$i vyzkumné aktivity a souCasné predstavuje
zdroj namétl pro pfipravu témat zavéreCnych (bakalafskych i magisterskych) a doktorskych
praci. Lze konstatovat, Zze vytvofeny komplex vystupl, souvisejici s nastrojem NERUDA,
odpovida sou¢asnému trendu vyvoje takovych nastroju mimo jiné tim, Ze je holisticky.

V prvni €asti prace byly sumarizovany poznatky, tykajici se vlastni technologie energetického
vyuziti odpadd. Byla zminéna problematika hmotnostni a energetické bilance, ktera je uzce
spojena s hodnocenim energetické ucinnosti a vyc&islenim produkce emisi v lokalnim i globalnim
méFitku. Jako konkrétni vysledek vyzkumu byl uveden software W2E, ktery je kromé fedeni
realnych uloh vyuzivan i ve vyuce na pracovisti autora. Dllezitym bodem je vyuziti tepla,
uvolnéného termickymi procesy v ramci systému CZT.

Byly zminény aktivity a sou€asné vypoltové moznosti, vedouci ke zpfesnéni dodavky tepla
detailnim modelovanim integrace zafizeni EVO s existujicim teplarenskym provozem. Dodavka
tepla ma také zasadni vliv na ekonomiku zafizeni. S vyuZzitim technicko-ekonomického modelu
byla ukazana konstrukce dulezitého vstupu pro optimalizaéni vypocéty — zavislosti nakladd na
zpracovani jedné tuny odpadud na kapacité zafizeni EVO. Vzhledem k tomu, Ze se kfivka liSi pro
jednotlivé lokality, Ize provést optimaliza¢ni vypocet s cilem alokovat kapacity zafizeni EVO na
uzemi CR, coz je provadéno pravé pomoci nastroje NERUDA.

Vedle ekonomiky Ize ulelovou funkci doplnit rovnéZz environmentalnimi kritérii. Analogicky
k ekonomickému vstupu byla vysvétlena konstrukce kfivky, hodnotici dopad zafizeni EVO na
produkci sklenikovych plyna. Jako indikator byl vyuzit GWP. Pro hodnoceni lokalniho znegisténi
ovzdusi v blizkosti uvazovanych zafizeni EVO byl ukazan smér budouciho vyvoje nastroje.
Nastroj NERUDA dnes pracuje v detailu vétSich uzemnich celk{ (typicky 206 obci s rozSifenou

37



pUsobnosti). V zavéru prace byla diskutovana potfeba feSeni logistiky odpadd v ramci
jednotlivych obci. Pro tento ucel byl doporuen vyvoj routingového algoritmu, ktery by silné
vyuzival data zpfistupnéna méstskou samospravou a vefejnymi subjekty. Jejich vyznam
a dostupnost bude nar(stat.
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The thermal treatment of waste with the heat recovery (Waste to Energy — WTE) provides us with clean
and reliable energy in the form of heat as well as power. This has contributed to primary energy savings
in conventional utility systems. Impact of WTE regarding the environmental issue is quantified in this
paper. The evaluation focuses on the calculation of primary energy savings. A novel methodology is
proposed. Then an assessment of the emission rate is made and results discussed. Real up-to-date
municipal solid waste incinerator with nominal capacity 100 kt/y is involved in a case study. Benefit of its
operation has been compared with other up-to-date utility concepts.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Quantity of waste produced either by inhabitants or by
industrial companies is considered to be one of the most serious
environmental problems. Annual production of municipal waste in
EU undergoes significant grown at the end of millennium as
documented on Fig. 1 and it reached 522 kg per capita in 2007 [1].
Landfilling of waste, which has not been pre-treated to decrease
their organic matter content, is limited. This represents a driving
force for development of new, more effective methods of waste
processing. Thermal treatment with heat recovery is one of the
preferred options not only within the EU [2,3]. In comparison with
other processes it has a number of advantages [4,5]: (i) short time
of treatment; (ii) possibility of treating extremely dangerous and/
or hazardous waste; (iii) possibility of off-gas control; (iv) possi-
bility of utilizing heat released by the oxidation process usefully.

On the other hand, several problems related to human health
coming out from its operation are discussed [6]. The requirements
on the quality of side products from the incineration process
regardless of its state of matter (flue gas, waste water, solid resi-
dues) set by environmental legislation constantly raise. Originally
simple incineration facilities have developed into complex
processes [7]. In order to meet strict emission limits (see Fig. 2 [8,9])
each new generation of incineration plants involve newer and more
effective air pollution control devices. This development trend is

* Corresponding author. Tel.: +420 541 142 367; fax: +420 541 142 177.
E-mail address: pavlas@fme.vutbr.cz (M. Pavlas).

1359-4311/$ — see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.applthermaleng.2009.10.019

demonstrated for example by Porteous [10]. Comparison of emis-
sions into air from two generations of plants is presented. It is
shown that the discharge rate of pollutants (including extremely
hazardous dioxins) is several order lower in up-to-date facilities. A
general review of information concerning dioxin formation and
minimisation issues from waste incineration can be found in [11]. A
comparison of the most efficient technologies for this type of
emissions reduction convenient for municipal solid waste (MSW)
incineration is presented by Pafizek [12]. However, numerous other
arrangements of flue gas cleaning system are available. Their
performance is influenced by many specific aspects (properties of
waste, legislation, etc.) and the presented results cannot be
generalized. The present research and development activities
concentrate on waste streams in solid state as well. For example,
the questions of bottom ash utilization and safe disposal of gas
cleaning residues is discussed [13,14].

With development of the processes the requirement on effective
recovery of heat released is constantly growing. Today we therefore
speak about WTE. Efficiency of energy production from waste is
much lower than efficiency of energy generation in conventional
plants utilizing fossil fuels. This is caused by several constraints
given by specific properties of waste used as a fuel (reduction of
maximum output steam pressure due to corrosion risk, higher flue
gas temperature leaving the boiler, etc.).

Due to more and more sweeping legislation related to the WTE
plant operation, it provides us with one of the cleanest and reliable
energy in the form of heat as well as power (see Fig. 2). However,
this trend also has an important side effect. The overall energy
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Nomenclature

A activity rate, t/y or MJ/y

CEF controlled emission factor, kg/t or kg/M]

E emissions production rate, kg/y

Eae energy released by combustion of an alternative
fuel, GJ/y

Ef imported energy to the combustion process (e.g.
supplementary fuel), G]/y

ER overall emission reduction efficiency, —

Ew energy released by waste combustion process, GJ/y

Limp imported energy not used for heat production, GJ/y

LCA life cycle assessment

MSW  municipal solid waste

PERef primary energy consumed in the reference utility
system, GJ/y

PEWTE  primary energy consumed within the WTE plant,
Glly

PES primary energy savings, GJ/y

pes specific primary energy savings, —

Qexp total amount of exported energy (thermal and
electrical), GJ/y

UEF uncontrolled emission factor, kg/t or kg/M]

nflff efficiency of heat generation in a reference heating
plant, —

ngff efficiency of power generation in a reference power
plant, —

WTE waste to energy

demand of the process is increasing. The more complex and
effective the systems are, the higher is the energy demand for
electrical appliances driving and higher consumption of heat for
maintaining optimal operational regime. This decreases heat
delivery to the consumers and plant power generation and subse-
quently it results in lower efficiencies of energy production.
Regarding different waste heat utilization strategies WTE plants are
classified as [15]: (i) those producing heat only; (ii) power plants
without heat delivery; (iii) cogeneration systems where heat and
electricity are produced simultaneously. The average net heat
production efficiency addressed to the first group is 63%. Net

a

o

o
!

490

kg per capita

Fig. 1. Municipal waste collected per capita in the EU [1].
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Fig. 2. Comparison of emission limits valid for waste incinerators and other large
combustion plants according to fuel used (corrected values for uniform O, content 11%)
[8.9].

efficiency of waste-based power plants reaches 18%. In the case of
a cogeneration, total efficiency of 43% can be expected [15]. A new
generation phase of thermal treatment process called Waste Fired
Power Plants characterised by improved efficiency is researched
[16]. Significantly higher energy conversion efficiencies are ach-
ieved through integration with natural gas-fired combined cycles
[17,18].

2. WTE and its contribution to primary energy savings

A number of criteria to compare the effectiveness of energy
recovery and utilization in incineration plants have been proposed
recently. Their overview can be found in [19]. Their common
feature can be seen in an effort to describe relation between energy
outputs (produced or exported energy) on one side and energy
demand on the other. They can be used only for comparison of
energy effectiveness in similar facilities — municipal solid waste
incinerators. An example of analysis based on one of the criteria can
be found in [19].

For assessment of different waste management options,
sophisticated approaches can be applied. One of the most
frequently used methods is LCA [20]. This well-known method is
still in progress — new approaches combining environmental and
financial aspects are proposed [21]. Considering the incineration
plant as an up-to-date utility system, it is necessary to work with
a direct approach which enables comparison of impact of WTE
systems with other competitive technologies as for example are
highly efficient cogeneration from fossil fuels or utilization of
renewable sources. Biomass with its future potential exceeding
300 Mtoe represents the most promising renewable source within
the EU [22].

In the following text a simple methodology for comparing
environmental impact of WTE systems and other up-to-date
systems (cogeneration units, biomass-fired technologies, etc.) is
proposed. Energy utilization within incineration plants has two
benefits, waste is treated in a safe and environmentally friendly way
and at the same time energy is produced. This leads to substitution
of fossil fuels, source diversification, and security of supply. WTE
contributes to primary energy savings (PES) in conventional power
and/or heating plants.

Due to export of energy from WTE PES is, in presented novel
approach, defined as the difference between primary energy
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Table 1
Balance data per ton of treated waste.

Energy flows in absolute

Conversion coefficient Energy flows in equivalent

values (GJ/t) (=) values (GJ/t)
Inputs
Energy supplied by waste resp. alternative fuel, 10.29 1 10.29
E,, resp. Eay
Imported energy in the form of auxiliary fuel, 0.05 1 0.05
Er
Imported electricity, limpel 0.06 2.6 0.16
Imported heat, limp,h 0.05 1.1 0.06
Outputs
Total amount of exported heat, Qexp,th 6.91 1.1 7.60
Total amount of exported electricity, Qexp,el 0.25 2.6 0.65
PES (GJ/t) 7.97

consumed in conventional (reference) utility systems correspond-
ing to the same amount of energy which is supplied by the WTE
plant (PER®!) and primary energy necessary for the operation of the
incineration process itself (PEVTE):

PES — PERef _ ppWIE (1)

If the efficiency of heat and power production in reference plants
(nRef, nRef is known, Eq. (1) can be transformed into:

Qexp,th Qexp,el IimpIh Iimp,el
PES = ( Ref + Ref | Ref + Ref +Ef (2)
Mth el Men el

where Qexp denotes total amount of exported energy from WTE
(thermal and electrical); limp is energy imported not used for heat
production (thermal and electrical) and Eyis imported energy to the
combustion process (e.g. supplementary fuel). Efficiencies used can
differ according to location or region. At present typical efficiency
values can reach 0.91 for heat production and 0.38 for electricity

production. Their reciprocal values (i.e. 1.1 and 2.6 for heat
and power, respectively) are used to compare different forms of
energy (i.e. heat and power; electricity is considered as a more
valuable form of energy, see Table 1). Eq. (2) can be written in
symbolic form as:

PES = (Qexp) - (Iimp + Ef) (3)

3. Comparison of various concepts
3.1. WTE unit

Following example demonstrates calculation of achievable PES
for a real up-to-date municipal solid waste incineration plant
(further on as WTE) with a daily capacity of 300 t (Fig. 3). The
output released in the combustion chamber by waste combustion
is about 33 MW. The plant is in operation for more than 8000 h/y
— availability and reliability of the plant are very important

Fig. 3. Flowsheet of an up-to-date municipal solid waste incinerator with nominal capacity 100 kt/y.
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Table 2

Results of comparison of different technologies in terms of achievable primary energy savings.

WTE plant with

Cogeneration based on

Biomass-fired heating Biomass-fired ORC Biomass-fired ORC

backpressure turbine reciprocating combustion plant with medium power plant cogeneration plant
engine capacity
Fuel Municipal solid waste Natural gas Biomass Biomass Biomass
No. of installations (—) 1 1 1 1 1
Availability (h/y) 8000 8000 8000 8000 8000
E,y resp. Eai (GJ/y) 957,618 0 34,560 236,800 236,800
Er (GJly) 5036 137,088 0 0 0
mpel (GI/Y) 5560 0 518 0 0
Timpen (GJ1Y) 4805 0 0 0 0
Qexp,th (GJIy) 642,815 62,381 28,800 0 167,040
Qexpeel (GJIY) 22,954 57,388 0 66,240 34,560
PES = (Qexp) — (imp + Ef)(GJ/Y) 741,848 83,799 30,284 174,316 274,508
pes = %m)(cj/cj) 0.76 0.61 0.84 0.74 1.16

parameters affecting the whole waste management chain [23].
Sensible heat of flue gas is used for steam production (temperature
400 °C, pressure 4 MPa) in the heat recovery steam generator
(HRSG). This superheated steam subsequently flows onto the
backpressure turbine, where it expands down to pressure of
1.2 MPa. Most of this low-pressure steam is exported; small part is
consumed by the process itself. Regarding power approx. 60% is
consumed on-site and the rest is exported. Performance data
summarized in Table 1 were gained from annual reports and
balance calculations. Using Eq. (3) and considering approx. 93 kt/y
as real amount of processed waste, it was calculated that the plant
contributed in relation to energy export to primary energy saving of
741,848 GJ per annum.

3.2. Overview of technologies included in assessment

MSW plant which was mentioned in the previous part has been
compared with other environmentally friendly technologies. These
competitors have reached high stage of development, they are
proven in operation, they are available in the market and have
a good potential of further development worldwide.

3.2.1. Cogeneration unit based on reciprocating combustion engine

Cogeneration unit based on reciprocating combustion engine
[24] is established and commercially available technology for
simultaneous production of heat and power with a high number of
successful applications. Natural gas is typically introduced into the
engine. Its power output ranges from kW to MW. A cogeneration
unit with a power output of 2 MW, which corresponds to thermal
output of about 2.2 MW; fuel consumption of 500m3; /h is selected
for our assessment. Overall efficiency of 88% is then assumed. This
type of unit can be operated all year round in energy systems of big
cities and as utility system of industrial processes.

3.2.2. Biomass-fired heating plant with medium capacity

Another technology with an increased number of potential
applications is biomass boiler with a heat output of units of MW.
Forestry residues and waste from wood-processing industry or
energy crops are typically combusted. A unit producing hot water
with an heat output of 1 MW and efficiency 83% was included in the
analysis. Its typical application can be found in small wood-pro-
cessing enterprises, decentralized heat supply systems for densely
populated areas of small villages, utilities in industry and in large
commercial buildings [25].

3.2.3. Biomass-fired ORC power plant
Thanks to support of electricity generation from renewable
sources, it is obvious that more interest is paid to projects

concerning power plants fired by biomass and agriculture residues.
The heat recovery system is based on Organic Rankine Cycle (ORC)
providing more effective heat utilization. The pressure at the
turbine outlet where silicone oil vapour is expanded will be set at
the lowest possible level. This will enable to maximize the enthalpy
drop over the turbine and highest generator output. Efficiency of
electricity production can be expected at around 25% [26]. Power
plant with boiler heat output of 7 MW with corresponding power
output of 2.3 MW is considered as a model example. The unit will
not be connected to any heat distribution network — heat extracted
in condenser will be released to atmosphere by air-coolers.

3.2.4. Biomass-fired ORC cogeneration plant

The last technology considered in our assessment is a unit
utilizing energy released from biomass combustion process for
simultaneous heat and electricity production also involves ORC
cycle. In this case the turbine is operated in the backpressure
mode, i.e. the condensing steam is utilized for heat production.
Once the same boiler configuration as in a previous case is assumed
(the boiler efficiency of 85% and 7 MW heat output) efficiency of
electricity production will reach approx. 15%. Such unit is typically
connected to district heating systems of large cities where this heat
produced from biomass covers the basic load.

3.3. Performance data, emissions released and primary energy
savings achieved by individual facilities

Important energy flows for these technologies were evaluated
first. Obtained values were then introduced into Eq. (3) and annual
PES was determined.

Table 2 shows the result obtained. First column summarizes
(in the same manner) data related to WTE plant. It is necessary to
emphasise that the availability of 8000 h/y was assumed for
each technology involved. Regarding technologies producing heat
(all except biomass-fired power plant) high operating hours can be
guaranteed only if the output is dispatched to corresponding
networks (i.e. large district heating networks, industrial heating). If
not, the availability can decrease significantly. Since the capacity of
the technologies is not identical (for example this can be expressed
by total fuel input Eaj; + Ey) the absolute PES estimated cannot be
compared directly.

For that reason, criterion defining specific savings is introduced.
A number of possibilities exist. Specific primary energy savings can
be related to imported primary energy (Ef + Iimp), to primary energy
consumed in reference system corresponding to the same amount
of energy exported by the unit (Qexp) Or to total process energy
input (Eaic + Ef+ Iimp). In this paper last mentioned option is
introduced:
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Results of environmental analysis of stand-alone technologies included into the assessment.

WTE plant with

Cogeneration based on

Biomass-fired heating Biomass-fired ORC Biomass-fired ORC

backpressure turbine reciprocating combustion plant with medium power plant cogeneration plant
engine capacity
Fuel Municipal solid waste Natural gas Biomass Biomass Biomass
No. of installations (—) 1 1 1 1 1
Availability (h/y) 8000 8000 8000 8000 8000
Emissions
Carbon monoxide, CO (kg/y) 22,272 18,684 8915 61,087 61,087
Nitrogen oxides, NOx (kg/y) 87,840 240,477 3269 22,398 22,398
Particulate matter, PM (kg/y) 2986 5 4993 34,209 34,209
Sulphur oxides, SOy (kg/y) 26,592 35 371 2545 2545
— (Er 4+ ER
pes — 2oxp — By + fimp) 4) E=AUEF-(1-—- (6)
(Eale + Ef + Limp) 100

With reference to Table 2, the highest pes in this study is reached by
biomass-fired cogeneration plant. On the other hand, the least
positive environmental impact is featured at cogeneration unit
based on reciprocating combustion engine. The benefit of WTE
plant in the configuration as shown in Fig. 3 is comparable with the
positive impact of biomass-fired heat only plant and power plant.

The energy-focused analysis is completed by environmental
analysis which specifies the emission rate of basic pollutants - i.e.
CO, NOy, particulate matter (PM) and SOy. Level of emissions
released into atmosphere was determined using emission factors. It
is a standard tool for emission estimation in air quality manage-
ment. General simple equations which provide mass-flow rate of
emissions are as follows:

where E emissions production rate (kg/y); CEF controlled emission
factor (kg/t or kg/M]J); A activity rate (t/y or M]/y); UEF uncontrolled
emission factor (kg/t or kg/MJ); ER overall emission reduction
efficiency (—).

Emission factors used for calculation were obtained from
database AP-42 [27], which distinguishes between uncontrolled
emission factors UEF (describes the emissions rate generated by
thermal processes not considering any flue gas cleaning system)
and controlled emission factors CEF (describes the emissions rate
generated by the process after the exiting products of combustion
are more or less effectively controlled). In the case where used
emission factor was uncontrolled (UEF), average overall emission
reduction efficiency (ER) is estimated and controlled emission
factor (CEF) is counted as the product of the previous two (see Eq.
(6)). Typical values of ER can be found (for example) in publications

E = A-CEF (5) devoted to combustion processes [28], waste processing [29] and
utilization of biomass for energy production [30]. The amount of
12001
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savings as by of one WTE plant with nominal throughput of 100 kt/y

Fig. 4. Heat and power exported.
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Fig. 5. Annual amount of emissions emitted to atmosphere.

emissions released into atmosphere by each of the technology per
annum is shown in Table 3. Annual emission rates presented in
Table 3 cannot serve for comparing individual facilities since the
technologies involved in the assessment are of different capacities.
These results form a base for calculations presented in the next
part.

3.4. Energy analysis applied for selected region

As has been mentioned previously, the particular calculations
based on the comparison of absolute PES (see Table 2) for the
evaluation of different technologies with different capacities/inputs
provide no comparable results. However, they can be included in
a complex analysis which focuses on assessment of global envi-
ronmental impact of WTE plant operated in a certain region.

Previous calculations have shown that the analysed MSW
incineration plant with an annual throughput of 100 kt contributes
to PES of 741,848 GJ (Table 2). Reflecting values presented in Table 2,
it can be stated that the same amount of primary energy would be
saved at an annual operation of:

e 9 CHP units fired by natural gas or (later in the text denoted as
9-0-0-0),

e 25 heat only boilers running on biomass or (0-25-0-0),

e biomass-fired power plants or (0-0-4-0),

e 3 cogeneration plants producing heat and power from biomass
(0-0-0-3).

More detailed specifications of these technologies were
mentioned in Section 3.2. The ratio between electricity and heat
produced varies for each unit (see Fig. 4). If heat only biomass
boilers are operated (labelled 0—25—0—0) the energy stored in fuel
is transformed into hot water (or steam) and subsequently utilized
for heating purposes. On the other hand, there are biomass-fired
power plants producing only electricity (0—0—4—0). Both heat and
electricity are produced within cogeneration systems (9—0—0—0
and 0—0—0—3). The total amount of produced energy changes. This
is caused due to different specific PES related to a unit of energy
exported (PES/Qexp). The evaluation of four above mentioned
concepts was extended by alternatives combining these basic
processes. As the number of installations of individual facilities
producing heat and/or power in the alternatives changes, the
power to heat ratio also changes. The choice of combinations
included in this study represents conceptually different strategies
of utilizing available energy sources. Six alternatives are based only
on biomass utilization (see Fig. 4). In the next to the last alternative
(2—4—1-1 in Fig. 4) biomass is partly supplemented by natural gas
and the last option (9-0-0-0) entirely concentrates on natural gas.

This analysis of PES achievable during energy production in
different technological concepts has proved that WTE systems
notably contribute to the substitution of fossil fuels. This positive
environmental impact related to the amount of produced energy is
comparable to the contribution of units utilizing biomass either for
heat production or electricity generation. WTE systems in this
sense defeat cogeneration systems based on natural gas.

3.5. Environmental analysis

The previous part focused on energy generation and export. This
part targets environmental impact assessment based on emissions
analysis. A usual way for emissions evaluation is to use a concept of
global emissions [31] which includes:

e Local emissions (i.e. the emissions from local plant).
e The emissions produced/saved in reference utility systems.
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This work has examined local emissions only. Emissions
produced in a reference plants are proportional to the amount of
primary energy combusted in those plants. Alternatives included
(see Fig. 4) were composed (i.e. number of installation of each
concept) that the amount of PES was the same in all cases. If the PES
is equal for all combinations, emissions produced and saved in
areference plant are equal. For this reason they could be neglected.

The results of calculations are provided in Fig. 5 a—d. Data
related to each concept were used (Table 3) in the evaluation of
emissions. It is possible to conclude that the WTE system provides
one of the cleanest forms of the energy based on presented figures
for main pollutants. Emissions of CO and particulate matter (PM)
are several times lower than for the other evaluated technologies.
NO, emissions are comparable with those from biomass-fired
technologies and they are several orders lower compared with the
CHP generation from the natural gas. Higher emission load is
noticeable in the case of SO. This is caused by high sulphur content
in the incinerated waste.

4. Conclusions

Thermal treatment of solid municipal waste with heat recovery
represents without any doubt one of most efficient ways of treating
this specific type of waste. In this case the waste stops being
a problem and becomes a valuable alternative/partially renewable
fuel. The energy generated in WTE units contributes to primary
energy savings and consequently to the reduction of greenhouse
gases emissions and other pollutants in the extent comparable to
the energy produced from the biomass. This has been in the paper
documented for a real WTE unit with annual throughput 100 kt.

With respect to negative attitudes to constructions of new WTE
facilities, alternative plans for waste management are typically
presented and discussed. The presented work concludes that at the
same time energy-securing point of view should be considered.
Alternative solutions based on conventional energy producing
systems for securing the energy supply with comparable contri-
butions to the environment should be also provided by the
opponents of WTE processes. Presented results and novel meth-
odology described in the paper support the decision-making
process since it can be easily used for evaluation of the importance
of WTE plants as up-to-date utility systems.
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Abstract Discussion about utilization of waste for energy
production (waste-to-energy, WTE) has moved on to next
development phase. Waste fired power plants are discussed
and investigated. These facilities focus on electricity pro-
duction whereas heat supply is diminished and operations
are not limited by insufficient heat demand. Present results
of simulation prove that increase of net electrical efficiency
above 20% for units processing 100 kt/year (the most
common ones) is problematic and tightly bound with
increased investments. Very low useful heat production in
Rankine-cycle based cogeneration system with standard
steam parameters leads to ineffective utilization of energy.
This is documented in this article with the help of newly
developed methodology based on primary energy savings
evaluation. This approach is confronted with common
method for energy recovery efficiency evaluation required
by EU legislation (Energy Efficiency—R1 Criteria). New
term highly-efficient WTE is proposed and condition under
which is the incinerator classified as highly efficient are
specified and analyzed. Once sole electricity production is
compelled by limited local heat demand, application of
non-conventional arrangements is highly beneficial to
secure effective energy utilization. In the paper a system
where municipal solid waste incinerator is integrated with
combined gas—steam cycle is evaluated in the same
manner.
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Introduction

Heat utilization makes up one of the most important
aspects related to design and operations of systems for
thermal treatment of waste. Electricity of roughly
16 TWh and heat of 30 TWh are expected to be produced
from waste in the EU in 2010 (Manders 2008). Waste
contributes to renewable energy production and represents
an important item of energy-focused policies at the level
of region (éuéek et al. 2010) as well as microregion
(Ucekaj et al. 2010). Regarding the thermodynamic
principle the majority of operated plants exploit Rankine
cycle, where expanding steam at turbine drives the gen-
erator. The effectiveness of energy transformation from
energy chemically bound in waste to its final useful forms
(heat or electricity), i.e., efficiency of WTE system, is
affected by numerous aspects including properties of
incinerated waste, technology applied within limited
financial resources of investors, local conditions, and
current energy prices. Reimann (2006) has published
results on energy efficiency investigation at 97 European
municipal solid waste (MSW) incinerators associated in
Confederation of European WTE Plants (CEWEP) orga-
nization. Author of this survey has divided the facilities
according to the energy utilization strategy into three
groups:

e Group 1: facilities with major electricity production,
i.e., heat production does not exceed 5% of total energy
production (25 plants)

@ Springer
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e Group 2: facilities with major heat production, i.e.,
electricity production does not exceed 5% of total
energy production (28 plants)

e Group 3: facilities with combined electricity and heat
production (cogeneration systems, 44 plants)

Based on operating data, major heat fluxes were iden-
tified for each group. Graphical presentation of selected
published data is given in Fig. 1.

Overall energy efficiency of WTE system is related to
ratio of produced electricity and heat, as with all cogenera-
tion systems working according to Rankine cycle. Average
net overall efficiency in facilities producing mostly elec-
tricity (see Fig. 1, group 1) reaches approximately 20%.
Efficiency of facilities with major heat production reaches
64% (group 2). Considering cogeneration (group 3), overall
efficiency may reach 43%. If we focus our attention on
electricity generation, efficiencies are lower if compared to
the efficiencies commonly achieved in conventional energy-
producing facilities (power plants, heating plants, etc.).
Graus and Worrell (2009) declare average values for con-
ventional plants combusting fossil fuels. Based on the pub-
lished data, average gross efficiency of fossil-fired power
generation ranges between 30 and 45% according to the type
of fuel, technology, and development stage. Auxiliary
equipment consumption up to 3% may be expected.

Development trends

Main objective of every incinerator is and ever will be to
“process waste”. Terminology designating this process
evolved along with developments of technologies and key
equipment. Original designation of “incineration” was
dropped and today we talk about energy from waste
(waste-to-energy, hereinafter referred to as WTE). Com-
plying with all stringent limits upon quality of emissions
from the process (not only gaseous, but also solid and
liquid) with sufficient reserve is implied for every new
plant. This development trend is demonstrated for example

Fig. 1 Classification Group 1
of facilities and average Maijor electricity production
efficiencies (97 facilities (25 plants)
associated in CEWEP, Reimann Boiler
2006) loss
Transformation
loss
Electricity
Heat
export
Fuel utilization rate 20%
Electricity production 605 kWh/t

@ Springer

by Porteous (2001). Comparison of emissions into air from
two generations of plants is presented. It is shown that the
discharge rate of pollutants (including extremely hazardous
dioxins) is several orders lower in up-to-date facilities.
Therefore, WTE today provides us with one of the cleanest
and reliable energy. Legislation also imposes achieving
minimum energy utilization (see further on).

Development of technology continues and new stage of
thermal processing of waste is evolving (the so called
waste fired power plants—WFPP, Berlo 2006). This new
generation of thermal processing is discussed frequently.
These facilities focus on electricity production. By taking
advantage of high capacity they try to reach net electrical
efficiency above 30%. Heat supply is diminished and
operations are not limited by heat demand. Such technol-
ogy is operated for example in Amsterdam (Berlo 2006).
Processing capacity exceeds 500 kt/year and measures
common in power plants are employed such as increased
steam pressure up to 12.5 MPa, steam temperature up to
480°C, staged steam expansion at turbine with reheating
based on intermediate circuit where saturated steam from
boiler is used; maximum utilization of flue gas sensitive
heat for condensate preheating (flue gas temperature at the
boiler exit 180°C, heat extraction from flue gas in flue gas
cleaning system), etc. Only thanks to these provisions
uncommon in waste incinerators, this particular plant
reaches net efficiency of 30%. For comparison, efficiency
for state-of-the art plant reflecting current knowledge
reaches 22%. However, even these values may be obtained
for high processing capacity (hundreds of kt/year) and
maximum efficiency of boiler with corresponding high
steam flowrate which subsequently expands in steam tur-
bines (ST) with higher thermodynamic efficiency. This
solution is applicable in highly populated areas with large
waste production.

Many projects tend to favor electricity generation even
for facilities with low processing capacity (100-150 kt/
year) where the potential for afore mentioned measures
leading in increased efficiency is limited and/or financially

Group 2 Group 3
Major heat production Cogeneration
(28 plants) Boiler (44 plants)
loss Boiler
Transform. loss
loss
Transform.
Electricity loss
Electricity
Heat
export Heat
export
64 % 43%
62 kWh/t 447 kWh/t
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not feasible. Performance of such a plant is investigated by
using simulation approach and consequences regarding the
environment are pointed out. First, achievable production
data are assessed using simulation model.

Technology description

In our assessment the following technology was considered
as a typical one (see Fig. 2). Waste is burned on a moving
grate, the products of oxidation are led onto the secondary
combustion chamber (SCC), where at a sufficient temper-
ature and time of residence the decomposition of even the
most stable compounds takes place. The operational tem-
perature 900-950°C in SCC is maintained. According to EU
legislation the minimum operational temperature for MSWs
850°C is required. Burning supplementary fuel in SCC may
be used in cases where necessary. Hoverer this is only done
during non-standard regimes as is putting into operation and
shutting down. Auxiliary energy consumption is negligible
if compared to the overall energy input by waste. This part
of incineration plant is called thermal system. Off-gas from
the SCC then flows to heat recovery system where in the
waste heat boiler (heat recovery steam generator—HRSG)
their sensitive heat is utilized for production of superheated
steam. The steam produced is then utilized within flexible
cogeneration system comprising a condensing turbine with
extraction. The advantage of this arrangement is the ability
to quickly react to changes on heat demand represented here
by district heating system (heat utilization in Fig. 2). During
demand cut-off (summer operation) the most of steam is
utilized for electricity production without having to reduce
the throughput of the incineration plant. Thermal output is
reduced and electricity output is increased. Excessive low-

Fig. 2 Simplified flowsheet of up-to-date technology

grade heat is rejected via air-cooling system (see Fig. 2).
Cooled down flue gas is then cleaned in the flue gas treat-
ment (FGT) system. Dust is first removed mechanically in
an electrostatic precipitator (ESP). ESP is followed by
dioxin removal (DeDIOX). This catalytic fabric filtration
system secures removal of fine particulate matter (PM) and
very efficient destruction of dioxins and furans (PCDD/F).
Acid compounds as SO,, HCI, and HF and heavy metals are
removed under the effect of water solution of NaOH in wet
scrubber. Concentration of NOy is reduced by applying
selective non-catalytic reduction method (SNCR) by which
urea is introduced into the SCC in proper temperature range
of 900-1000°C. The lay-out of FGT system downstream the
boiler influences the flue gas temperature profile which is in
this case as follows: 250°C at the boiler exit, ca. 230°C after
the ESP (temperature necessary for securing sufficient
efficiency of dioxin filter), ca. 200°C after the dioxin filter
and about 60°C at the outlet from wet scrubber into stack.

There are available several different of FGT system
varying in type of the process, locations of every piece of
equipment, removal efficiency and temperature profile.
This has impact on efficiency of energy utilization. Fol-
lowing modifications are very common:

e minimization of number of equipment to decrease
internal energy consumption especially for applications
where dry and/or semi-dry method for acid gas removal
is applied

e decrease in temperature of flue gas at the boiler outlet
down to 150°C as a trade-off between maximum boiler
efficiency and emission control efficiency

e SNCR method for NOy removal is replaced by selective
catalytic reduction method (SCR DeNOy) situated
downstream the wet scrubber—necessity for flue gas
reheating (which is obviously energy demanding way).
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Table 1 Comparison of emission limits set by EU legislative and performance of flue gas cleaning system in up-to-date incinerators

Pollutant Emission limit—daily Raw gas concentration Cleaned gas concentration Emission control system
average (mg/mil) (boiler exit) (mg/mif) (stack) (mg/m3N) efficiency (%)

PM 10 10,000 0.03 >99.9

HClI 10 150 6 96

SO, 50 100 3 97

NOx 200 600 120 80

Cco 50 10 10 N/A

Dioxins/furans (PCDD/F)? 0.1 (ng TEQ/m?q) 2.5 (ng TEQ/miI) 0.05 (ng TEQ/miI) 98

* Toxicity of a mixture of dioxins and dioxin-like compounds is expressed by the toxic equivalent, TEQ

The set-up involved in this article represents a system
which sufficiently complies with currently valid emission
limits in the EU (see Table 1). Since the technology fills in
with BAT (best available techniques), it is suitable for
potentially more restrictive legislation.

The performance of flue gas treatment system summa-
rized in Table 1 is based on data from real plants. Although
it is influenced by many specific aspects (properties of
waste, legislation, etc.) presented average values can be
generalized for this type of up-to-date facility.

Simulation approach and performance analysis
Simulation model of an unit with capacity 100 kt/year

Simulations presented in this article were conducted using
in-house built software tool Waste-to-Energy—W2E.
Software is dedicated to perform mass and heat balances of
technologies in the area of energy utilization of waste and
biomass. It is based on Java platform (Tous et al. 2009).
Software provides user friendly environment and intuitive
operating. Principles for modeling and simulations are
similar to other commercial products. Process includes
generation of flowsheet, setting of input data and calcula-
tion itself. W2E engages sequence modular approach for
the analysis.

A complex model was created in this tool. Model
flowsheet is designed so that it enables to solve the whole
problem, i.e., in the general model of the incinerator, it is
possible to alter many parameters. These are for example:
waste lower heating value, amount of processed waste, air
excess, steam properties after the boiler, temperature of
flue gas at the boiler exit, ST arrangement (backpressure
turbine, condensation turbine with extraction), steam
properties for heat supply (direct steam export, hot water,
and direct steam supply), pressure in the turbine condenser,
etc. Analysis presented in this article focuses on heat uti-
lization strategy. Only selected parameters from afore
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mentioned related to cogeneration system were subject of
modification. Figure 3 displays part of the model consid-
ered in the analysis. Analogous models of thermal part (i.e.,
model of incineration itself) with waste heat boiler and flue
gas cleaning system are available as well. Since the
parameters related to these systems remained fixed these
models are not presented here.

Boundary conditions of the calculation

In case of electricity generation, following features and
aspects are necessary for securing high efficiency:

e Dboiler efficiency
e flexible arrangement and efficiency of cogeneration
system, i.e., ST.

Boiler performance is influenced by exiting flue gas
temperature and its amount which forms thermal losses by
sensible heat. Other losses (thermal losses by radiation and
convection, chemical losses by incomplete combustion,
thermal losses in unburned fuel) are not that important and
altogether make up to percent (commonly 3—4%). Thermal
loss by sensible heat may reach from 7 up to 25% of waste
energy input according to the flue gas temperature and air
excess. Boiler efficiency ranges between 75 and 85%.
Boiler efficiency in up-to-date plants should excess 80%.
MSW incinerators commonly operate with flue gas tem-
perature of 250°C at the boiler exit (this secures optimum
operating conditions for subsequent flue gas cleaning).
Efficiency reaches 81% under this temperature and 6%
oxygen content after the last air supply (which is a common
value achievable in operations). Significant increase of
efficiency is conditioned by decrease of flue gas tempera-
ture, which on the other hand puts more requirements on
FGT system. Low temperature corrosion has also to be
considered (Villani and Greef 2010).

Specific electricity production from ST is influenced by
enthalpy drop in the turbine which is influenced by dif-
ference between steam parameters at the inlet and outlet of
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Fig. 3 Simulation model of energy recovery system of WTE plant in in-house software W2E

the turbine. Parameters of superheated steam generated in
boiler are commonly limited by pressure of 4-5 MPa and
temperatures of 380—400°C for MSW incinerators (IPPC
2005). Higher temperatures create a serious corrosion risk
in first tube bundles of superheaters, which requires using
special materials (austenitic super alloy) or application of
special provisions (expansion of steam in turbine with
more stages and steam reheating). Higher inlet parameters
are compromised with investments, expected decreases of
plant availability and profit related to efficiency increase
and electricity sale. Output parameters are determined
according to the type of turbine and way of heat utilization.
Backpressure turbine exports steam directly into district
heating system and/or uses its condensation heat for heat-
ing other process medium (very often hot water). Pressure
at the condensing turbine outlet is influenced by cooling
medium, its temperature (IPPC 2005) and plant capacity.
Pressure for air cooled condensers is significantly related to
temperature of surrounding air. Temperature of 10°C
enables pressure of 10-8 kPa, temperature of 20°C has a
negative impact on increase to 17-12 kPa (IPPC 2005).
Pressure is distinctly lower for closed loop with atmo-
spheric cooling tower.

Simulation model respects technological restrictions
related to steam and subsequent electricity production (boi-
ler efficiency, limited live steam parameters to avoid
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Table 2 Simulation model—boundary conditions
Parameter Value
Waste feeding rate (t/h) 11.5
Average lower heating value of waste (MJ/kg) 10.9
Boiler efficiency (%) 81
Flue gas temperature at the boiler exit (°C) 250
Oxygen content in flue gas at the boiler exit (% vol.) 6
Steam from boiler (t/h) [at 400°C and 4 MPa (g)] 39.8
Steam from boiler (t/h) [at 620°C and 6 MPa (g)] 35.2

Pressure at turbine outlet (in the case of back-pressure turbine)/bleed
pressure (for condensing turbine with extraction) [MPa (g)]

Direct steam export into district heating network 1.1

Hot water production 0.3
Pressure in turbine condenser—air cooler (kPa) 8
Turbine isentropic efficiency (%) 70

increased corrosion risks, cooling system performance, etc.).
The main features of model used are summarized in Table 2.

Simulation in first step included change of flow of
process steam in condensation stage (designated as flow
“To 2nd Stage” in Fig. 3). Change in steam flow rate
through condensation (second) stage alters ratio of
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Fig. 4 Specific electricity production

produced (exported) heat and electricity, which has an
impact on efficiency of heat and electricity production and
therefore on overall efficiency of utilization of energy from
waste. Results of simulations (electricity production related
to 1 ton of waste) for two different systems in case of
standard and “safe” inlet steam parameters 4 MPa and
400°C (direct steam export at 1.1 MPa and hot water
production by steam at 0.3 MPa) are presented in Fig. 4.
Flow rate of steam through condensation stage of turbine is
given in the graph in percent of total flow rate of steam led
to turbine first stage. Second step of the simulation ana-
lyzed benefits of increase of produced steam pressure to
6 MPa. Results are also given in Fig. 4.

Arrangement of back-pressure turbine and steam
parameters of 4 MPa allow to reach specific electricity
production (related to one ton of waste processed) of
200-400 kWh/t depending on value of back-pressure.
Increase in pressure from 4 to 6 MPa brings increase by
100 kWh/t. Arrangement with condensation turbine in full
condensation mode leads to generation of 600-800 kWh/t.

Further, net efficiency of electricity production (export
efficiency) were calculated. Internal electricity consump-
tion (ca. 4% of energy in waste, i.e., 100 kWh/t, Reimann
2006) and steam for internal heating purposes were con-
sidered. Net efficiencies of electricity and heat production
are given in Fig. 5.

Results clearly show that net electrical efficiency in full
condensing operation under conventional steam parameters
of 4 MPa does not exceed 20%. With 6 MPa inlet steam
parameters more than 20% can be expected. However,
increase in efficiency which is related to high steam pres-
sure is linked with high potential of corrosion of super-
heater’s bundles. Increase of efficiency over 20% for units
utilizing waste with processing capacity of 100 kt/year is
problematic and is linked to implementation of financially
demanding materials and measures.

Tendency to produce mainly electricity and minimize
cogeneration results in lower overall efficiency of fuel
utilization (see Fig. 5). On the other hand, electricity is
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Fig. 5 Net efficiencies of energy production

considered to be a more valuable form of energy. Effi-
ciencies presented in Fig. 5 are not a sufficient reason to
claim that significant orientation toward electricity pro-
duction with low overall efficiency still makes up a sus-
tainable method of energy utilization, or whether we may
start talking about energy wasting.

Performance analysis regarding the potential for clean
energy production

A number of criteria to compare the effectiveness of energy
recovery and utilization in incineration plants have been
proposed recently. Their overview, description, and
meaning can be found in Pavlas et al. (2010). Their com-
mon feature can be seen in an effort to describe relation
between energy outputs (produced or exported energy) on
one side and plant energy demand on the other. An
example of analysis based on one of the criteria can be
found in Pavlas and Tous (2009). Directive 2008/98/EC
(European Parliament 2008) defines energy efficiency,
often designated as R1 formula, criterion for evaluation of
waste incinerators. Despite the fact that it is the only leg-
islative criterion and is different from the one in the
aforementioned article, analysis presented by Pavlas and
Tous (2009) gives a good insight into this issue.

Criteria energy efficiency (RI)

Equation for Energy efficiency calculation is obvious from
Table 3. The meaning of particular symbols is the following:

® (Op,oa: total amount of produced energy (thermal and
electrical, sum of energy exported and internally
consumed)

e Fp imported energy to the combustion process (e.g.,
supplementary fuel)

¢ I imported energy not used for heat production (e.g.,
natural gas consumed for re-heating purposes in FGT
system)
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Table 3 Definition of energy efficiency criterion

Reference Criterion Equation WTE
Directive 98/2008/  Energy 0 = Qo= (Erthip) 17, > 0.6
EC 2008 efficiency e 097(Ew+Er) 7, > 0.65°

 For equipment put into operation after December 12, 2008

e Fy: energy released by waste combustion processes.

A new plant which is to be labeled as WTE has to reach
minimum value of 0.65 of this criterion. Otherwise, it is
classified as waste disposal with all the consequences.
Comprehensive analysis of European incineration plants
involving these criteria was published by Grosso et al.
(2010). The presented results proved that 60% of investi-
gated plants were classified as WTE (recovery). It was also
pointed out that first the highest efficiency is reached by
cogeneration plants (average value 0.71) and next the size
of the plant represents an important factor determining
electrical efficiency. The data published by Grosso et al.
(2010) were confronted by result of our calculation
including afore described simulation model referring to a
state-of-the art plant with capacity 100 kt/year (see Fig. 6).

Uptrend in electricity production (in Fig. 6 expressed as
increased ratio of steam going to condensing stage over
overall steam generation in boiler) leads to fall of energy
efficiency criterion. It was confirmed that plant which fully
takes advantage of cogeneration is characterized by the
highest Energy efficiency. Values we calculated for up-to-
date facilities are distinctly higher than average values for
existing European facilities. Whereas Grosso et al. (2010)
presents for mainly electricity producing plants 0.49 and
average waste throughput 150 kt/year, we obtained for up-
to-date electricity-oriented incinerator a range 0.8-0.9.
This shows large potential for improvements in existing

6/0.3 MPa
4/0.3 MPa

- WTE — 4/1.1 MPa

Energy efficiency (R1) [-]
o
[ee]

0 10 20 30 40 50 60 70 80 90 100
Steam to condensing stage [%0]

Fig. 6 Results of evaluation—energy efficiency (R1)

plants. Cogeneration plants cannot be compared in the
same manner since the ratio between electricity and heat
produced was not published. Requirement for classification
as WTE (R1 > 0.65) in all in this article analyzed cases is
fully met. The requirements on WTE classification are set
in such a way that the electricity production is limited in no
way for up-to-date and well-operated plants. However,
application of R1 does not define global contribution of the
plant to primary energy savings. It can be used only for
comparison of similar facilities—MSW incinerators. It
does not allow for subsequent comparison with other
energy-producing sources. Is orientation toward electricity
production in accordance with principles of sustainable
development? These issues were discussed by Pavlas et al.
(2010).

Alternative approach toward incinerators assessment—
primary energy savings (pes)

Benefits of the incinerator taking into account other
energy-producing plant may also be evaluated using pri-
mary energy savings criterion (pes, Table 4). This criterion
was described in detail by Pavlas et al. (2010).

Figure 7 presents its meaning. Contrary to R1, this cri-
teria focus on net energy export (Qeyp is total amount of
exported energy both thermal and electrical). Numerator
for calculation of pes expresses absolute primary energy
savings which is obtained thanks to operation of WTE
plant. This may be defined as a difference between primary
energy consumed in conventional (reference) plants when
producing similar amount of energy supplied by incinerator
(PER®") and primary energy consumed by process of
incineration itself (PEY'F). The heat producing reference
plant (heating plant) operates with efficiency nhe'. The
reference power plant operates with efficiency 55"
Denominator represents total energy input into the process
(Ew + Ef + Iimp). We may then talk about WTE if the
process saves primary energy, i.e., pes > 0. Once energy
input Eyw is generalized with E,; (energy input by alter-
native/non-fossil fuel) this approach could easily be
applied for any energy-producing technology, which fur-
ther allows to compare these plants. An example of
application for different technologies was introduced by
Pavlas et al. (2010).

Table 4 Definition of primary energy savings criterion

Reference Criterion Equation WTE
Pavlas et al. Primary energy pes = Qgp*(EEl +Il.mp) pes >0
2010 savings WL mp a
pes > 0.6

? Value 0.6 for highly efficient process
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Fig. 7 Graphical representation 4 ~\
of Primary energy savings Ref
criterion (Pavlas et al. 2010) nel
Fossil fuels Power plant
(Ev)

Heat only

boilers

Primary energy consumed in
conventional
energy-producing plant

pERef

Let us summarize the advantages of using this approach
for incinerators assessment instead of and/or together with
criterion energy efficiency:

e relation origins from objective approach (calculation of
primary energy consumption)

e comprehensive for broad scientific public (quantifica-
tion of amount of saved primary energy for a given
period of time)

e versatility (ability to compare with other technologies
of energy supplies e.g., energy production from
biomass)

e application potential—creation of regional energy con-
ception, support of public opinion using objective
criteria.

If applied on the specific model described we can state
that as energy efficiency drops along with usage of con-
densing mode, criterion pes do so (see Fig. 8).

Based on previously published data, we suggest defining
a new term ‘“highly efficient” energy production from
waste. Similar mechanism is engaged in evaluation of
cogeneration systems in accordance with Directive
2004/8/EC (European Parliament 2004), where distinction

1.2

Highly-efficient
WTE

1 -

0.8 -

0.6

6/0.3 MPa,
0.4

4/0.3 MPa /
4/1.1 MP

0.2 1

Primary energy savings pes [-]

0 10 20 30 40 50 60 70 80 90 100
Steam to condensing stage [%0]

Fig. 8 Results of evaluation—Primary energy savings (pes)
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of cogeneration and highly efficient cogeneration is made
referring to the different rate of environmental benefits.
Authors of the article with respect to data and previous
analyses presented by Pavlas et al. (2010) suggest desig-
nating WTE process as highly efficient if value of this
criterion exceeds approximately 0.6, which means that
system contributes to primary energy savings by 60% of
total energy consumed in the process. Excessive electricity
production from waste leads to drop of pes below 0.6 and
thus causes ineffective utilization of energy stored in waste.

Utilization of synergic effects

If local limited heat consumption compels sole electricity
production, it is necessary to look for unconventional solu-
tions. One of the many discussed concepts is an integration of
municipal waste incinerator with combined steam—gas cycle.
There are several arrangements available (Consonni and
Silva 2007). All the solutions have common features:

e need to reach higher parameters of steam at the turbine
inlet (8 MPa and more)

e avoid corrosion problems (recovery system of inciner-
ator is not equipped with a superheater. Superheating
takes part in waste heat boiler after the gas turbine (GT)

e application of common ST with higher isentropic
efficiency.

Example of a possible solution is given in Fig. 9. This
arrangement was subjected to detailed analysis by Conso-
nni and Silva (2007) and Qiu and Hayden (2009). Let us
only summarize characteristic features of such an inte-
grated system:

e parameters of steam led to turbine equal 8.5 MPa and
550°C, pressure in condenser amounts to 7 kPa

e 349% QT efficiency

* 90% isentropic efficiency of ST.
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Fig. 9 Simplified flowsheet
of an integrated combined
steam—gas cycle

Model of such integrated system was created and sub-
jected to simulation including various share of installed
capacity of GT to incinerator itself. This ratio is expressed
by:

E¢

- _ 1
E (1)

1
where, Ey, and E; is amount of energy supplied by incin-
erated waste (w) and natural gas (f), respectively.

Total electrical efficiency of the combined cycle is a
main characteristic of the given cycle:

GT ST
0 o Qexp,el + Qexp,el
1,CC —
el E, + E; )

(2)

where Qg ) and Q31 is amount of electricity produced
in GT and ST, respectively.

Efficiency of combined cycle is dependent on share of
energy supplied by waste and natural gas (see Fig. 10) and
it cannot be compared directly with electrical efficiency of
conventional WTE plant because energy supplied by waste
participates in such a combined cycle only on production of
electricity in ST. Therefore, efficiency of electricity pro-
duction from waste may be defined as follows Qiu and
Hayden (2009):

( g{),el + Qg{p,el) —Hcc - E¢
Helw = E ) (3)
w

where 7cc is efficiency of non-integrated combined cycle
combusting natural gas (55% considered). Evaluation of

50
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45 -
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30 + /
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20 T T T T
0 0.1 0.2 0.3 0.4 0.5 0.6

Share of energy input
by natural gas (o) [-]

Electrical efficiency [%]

Fig. 10 Efficiency of integrated system

net electrical efficiency related to waste-based energy
inputs followed in accordance with Eq. 3. The results are
shown in Fig. 10.

Comparison of efficiency of conventional electricity
production from waste (Tables 2, 3) and presented inte-
grated solution with combined cycle (compare Figs. 5, 10)
reveals that even slight ¢ ratio enable to utilize benefits of
integration (parameters of steam before turbine 8.5 MPa
and 550°C) and secure higher efficiency. Rising ¢ ratio
results in rising efficiency.

Energy efficiency criteria cannot be applied in assess-
ment of integrated system because these criteria are pri-
marily designed for assessment of MSW incinerator and
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Fig. 11 Efficiency of waste-based electricity production

allows for comparison only between facilities of identical
arrangements. However, universal approach of pes may be
applied. Figure 11 presents the results. Despite the fact that
integrated solution focuses only on electricity production,
net electrical efficiency from waste may exceed 25%.
Process will be labeled as highly efficient. Conventional
arrangement of incinerators does not enable achieving this
high of a value. Orientation toward electricity production
and efforts to maximize efficiency along with decrease in
total efficiency of fuel utilization resulted in significant
decrease pes (see Fig. 11). Required value above 0.6 (pri-
mary energy savings equal to 60% of energy supplied into
the process) are likely for facilities with limited electricity
production and high share of supplied heat. This will
always concern facilities with electricity cogeneration.
Limited heat demand in the location may push sole elec-
tricity production. Common arrangement will lead to
electricity production efficiency of 20% at highest. Overall
efficiency will be low. Acceptable level of utilization is
then reached via integration with combined cycle. Concept
is solely focused on electricity production. Efficiency of
electricity production from waste may exceed 25%.

Conclusion

Increase of net electrical efficiency above 20% for incin-
erators processing 100 kt/year is problematic. Although
electricity is considered to be a more valuable form of
energy, trend to focus on sole electricity production
accompanied by limited cogeneration production results in
ineffective energy utilization from waste. Process thus
cannot be labeled as highly efficient. Only processes where
primary energy savings (pes) exceed 0.6 may be classified
as highly efficient. This value may be reached in
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Abstract The research presented here is focused on
improving energy management in a building complex
through analytical and empirical modelling of its utilities.
First, we introduce current European policy on energy sav-
ings in buildings. The modelling starts with a literature
review and a thorough study on a heating and cooling system
of a particular building complex—the National Theatre in
Prague, Czech Republic. Standard building automation and
control systems cannot optimize the building’s operations to
the fullest and thus do not provide the best cost savings
possible. A mathematical model of the energy system and its
integration into a building control system is an essential
prerequisite for any optimization here. The development of a
model which can be integrated into a control system during
real-time operation of the building is a very complicated
task. Our paper presents a procedure to develop such a model
and methods to apply it in a real-life operation. First, the
mathematical model is implemented in a simulation tool,
which enables an efficiency evaluation of the system. This
simulation tool offers especially important support for
building automation and control systems when deciding the
most effective operation of heat or cold utilities. The model
greatly helps in monitoring and optimizing daily offtake
limits for natural gas, which is highly appreciated by the
building’s technical management. Our practical applications
of the model show new possibilities for simulation and

D} Vitézslav Masa
masa@fme.vutbr.cz

Institute of Process and Environmental Engineering, Brno
University of Technology, Technickd 2896/2, 61669 Brno,
Czech Republic

optimization calculations which are completely unique in
building management systems so far.

Keywords Data-driven modelling - Simulation -
Optimization - Utility system - Control system

Introduction

Our paper presents a case study which documents how
important simulation and optimization are in the process of
decreasing a building’s energy consumption. The case
study analysed a real utility system providing heating and
cooling for a building complex (four buildings) of the
National Theatre in Prague, Czech Republic, with a total
capacity of 265,950 m>. The revamping of the utility sys-
tem started in 2007 using the EPC method and has brought
significant financial savings, as shown in Fig. 1.

However, the energy system of the National Theatre has
become rather complex and complicated after the revamp-
ing, as will be discussed in the section on the “The Utility
system in the Czech National Theatre”. The operator is now
able to combine various heat sources to supply energy to the
building. According to Escriva-Escriva (2011), buildings are
often managed by non-specialised technicians who need
intelligible and cost-effective actions to be implemented in
their buildings. Petri et al. (2014) introduced a service-ori-
ented platform, which could be helpful for a building’s
management. Improper changes to the process can lead to
significant losses in the operational costs of the building. For
this reason, the revamping of the utility systems is not the
only part of energy efficiency improvements. The system has
to be operated efficiently as well. Specific and well-targeted
research leading to an optimal level of the innovation is
needed in this case (Klemes 2013).
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Fig. 1 Financial savings using the EPC method

A core component of building energy control is building
energy forecasting models for systems within the building,
such as heating, ventilating, and air conditioning (HVAC)
systems and on-site energy generation and energy storage
systems (Xiwang and Wen 2014).

When selecting a proper heat source for the start-up of
the system and deciding important operational issues, we
could not solely rely on estimates of the operator. We
therefore employed progressive building automation and
control systems (BACSs) and technical building manage-
ment (TBM) functions which can master the complexity of
the system to even further increase its operational effi-
ciency and associated energy savings. Simulation and
optimization tools helped us support decision-making
mechanisms used in advanced control systems. It further
shows how to increase the functional properties of BACS
and TBM systems using a grey-box model of an energy
system. The case study proves that the model may be
applied even if the data acquisition system does not provide
sufficiently accurate data. The following chapter presents
the current European policy on energy savings in buildings.
From the European Union (EU) point of view, there is a
great potential for decreasing energy consumption in the
building sector.

Energy consumption in the building sector
and European policy

Decreasing the consumption of primary energy sources is
one of the long-term objectives and priorities of the EU.
This strategy reflects the current energy situation: Europe is
significantly dependent on energy imports [54.3 % of gross
final energy consumption in 2012 came from energy
imports (Eurostat 2014)], which is, amongst other things,
rather costly. In order to minimize the impact of this trend,
the EU has introduced ‘Europe 2020’ (EC 2010a), a
strategy which implemented several key documents and
outlined relevant objectives of the energy policy. The well-
known energy policy package (20-20-20) defines three key
objectives for 2020: to reduce EU carbon dioxide
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emissions by 20 % from 1990 levels, to raise the share of
EU energy consumption produced from renewable
resources to 20 %, and to improve the EU’s energy effi-
ciency by 20 % compared to 2007 projections (EC 2010b).
This initiative is expected to promote energy safety in the
EU, ensure sustainable development, increase the com-
petitiveness of the EU, and create new jobs. At the same
time, EU countries should be able to utilize knowledge,
experience, and newly developed technologies and proce-
dures in the future (EC 2007).

EU Directive 2012/27/EU incorporates new strategic
objectives and replaces the inadequate and outdated
Directive 2006/32/EC. The Member States were expected
to implement changes required by the Directive by June
2014. The new Directive introduces an updated framework
for a common procedure for all Member States to achieve
the 20 % objectives and tries to create framework condi-
tions for further improvements in energy efficiency.
According to proposals from the European Commission,
energy efficiency should reach 30 % in 2030 (EC 2014).

The European Commission has stated that “the majority
of the energy-saving potential is in the building sector, with
40 % of the EU energy consumption” (EC 2014). Fourcroy
et al. (2012) demonstrates that energy consumption is
underestimated due to the accounting methodology used in
official statistics. Energy in services is primarily used for
heating, sanitary purposes, hot water production, lighting,
and air conditioning. Heating represents half the energy
consumed in the services sector (Fourcroy et al. 2012).
Directive 2010/31/EU on the energy performance of
buildings defines a common framework for measures and
requirements imposed on the energy performance of
buildings. This Directive replaces Directive 2002/91/EC
and implements various novel concepts, such as cost-op-
timal levels of minimum energy performance requirements
(Article 5), nearly zero-energy buildings (Article 9), and
technical building systems (Article 8). Altogether, this
involves the technical equipment for the heating, cooling,
ventilation, hot water, and lighting of a building. Member
States are to increase energy efficiency and encourage the
introduction of intelligent metering systems (Article 8)
whenever a building is constructed or undergoes renova-
tion. Member States may further encourage the installation
of active control systems, such as automation, control, and
monitoring systems which aim to save energy. The specific
nature of this encouragement is within the competencies of
individual Member States.

Various international standards were drafted in order to
harmonise the terminology and standardize procedures
used to identify a building’s energy performance. Interna-
tional standard EN 15217:2007 supplies methods for rating
energy performance and for certification of buildings; EN
15459:2007 defines economic evaluation procedures for
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energy systems in buildings; ISO 50001:2011 sets a man-
agement system of continual improvement for the energy
intensity of organizations. EN 15232:2012 is an important
tool for assessing the impact of automation, control, and
management on a building’s energy performance. The
standard contains a structured list of BACS and TBM
functions which have an impact on the energy performance
of a building. The Standard further introduces an evalua-
tion of existing BACSs (efficiency class A—D) based on the
impact of the system on energy consumption. Class A
refers to a high-energy performance BACS and TBM,
while class D refers to a non-energy-efficient BACS which
should no longer be installed in newly built premises. The
buildings of the National Theatre can be categorized in the
efficiency class C.

The utility system in the Czech National Theatre

Revamping and optimizing heating, ventilation, and air
conditioning (HVAC) can significantly contribute to
reducing energy use. Energy service companies (ESCO)
which apply energy performance contracting method
(EPC) provide complete services as far as HVAC
revamping is concerned. They also provide the replacement
of lightning, deployment of renewable energy sources
(solar panels, photovoltaic), heat pumps, and CHP systems
as well as the insulation of a building envelope. Basically,
this method helps finance energy efficiency improvements
from savings which were achieved thanks to application of
the improvements. The energy system of the National
Theatre in Prague underwent a major revamping between
2007 and 2009. New energy sources (two condensing gas
boilers and a water-cooled reverse chiller) and forms of
low-potential heat were integrated into the system. These
included, for example, cooling of sun-exposed facades, use
of water from the Vltava River and waste heat from cooling
of return water for condensing boilers. The operator is now
able to combine various sources of heat to supply energy
for the building.

Building critical components

The utility system provides heating and cooling for four
buildings of the National Theatre in Prague. A simplified
flow sheet is shown in Fig. 2.

As for the heating, two highly efficient condensing gas
boilers (B3-G, B4-G) were installed to replace an old
multi-fuel boiler. There are also two more multi-fuel
boilers (B1-MF, B2-MF) operating. The efficiency of the
condensing boilers reaches up to 99.5 %, and the boilers
are able to satisfy almost 100 % of the demand for heat.

The older boilers run only occasionally when there is peak
demand or in the event of a gas boiler fault.

Hot potable water can be heated up with a heat pump
(HP), which utilizes waste heat from hydraulic oil in a
stage system. The oil gets hot when the coulisses move,
curtain is lifted, and so forth. When the stage system is in
use, the amount of waste heat is large enough to replace
natural gas for hot potable water production.

The cooling system consists of two water-cooled chillers
(CH1, CH2) which cool down sun-exposed facades. This
extracted heat is then released to the Vltava River via a
cooling circuit (heat exchanger—river water). Direct
cooling without any operating unit is also possible.

A key unit of the revamping, which interconnects both
the heating and cooling systems, is the reverse water-
cooled chiller. The chiller can also run in a heating mode
(as a heat pump) and a combined cooling and heating mode
(the low-grade heat from cooling may be utilized for
heating). In addition to cooling the heat from sun-exposed
facades, river water and waste heat from the cooling of
return water for B3-G and B4-G (enhancement of con-
densing effect) are other possible sources of low-grade
heat.

The performance (design) parameters of the key units
are summarized in Table 1.

RCH and the possibility of utilizing heat from the
facades and return water cooling to improve the efficiency
of B3-G and B4-G represent unconventional features of the
system.

However, it is very complicated to control the system
optimally due to many operational modes. Their contri-
butions to cost savings change according to prices, ambient
temperature, and other factors. To achieve the maximum
possible savings within complex EPC projects, it is nec-
essary to develop advanced BACS and TBM utilizing the
model of the system.

Building automation and control system

A conventional, hierarchical control system is responsible
for acquiring data and managing the energy system in the
National Theatre in Prague. The BACS operates on the
lowest level with standard control mechanisms, such as on/
off switching, proportional-integral-derivative controllers
(PID controllers), and equitherm control. These features
are typical for control systems in practice.

Recently, novel methods of control, usually designated
as advanced process control, have been developed. These
novel approaches seem very promising for industrial
practice, but they are especially popular with the
researchers. Testing and potential implementation of these
advanced control methods require certain knowledge of the
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Fig. 2 A simplified flow sheet RIVER
of the heating and cooling WATER
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Table 1 Performance Unit Heat output (kW) Cooling output (kW)

parameters of the key units

Multi-fuel boiler (B1-MF)
Multi-fuel boiler (B2-MF)
Gas boiler (B3-G)

Gas Boiler (B4-G)
Water-cooled chiller (CH1)
Water-cooled chiller (CH2)

Water-cooled reverse chiller (RCH)

Heat pump (HP)

3120
3120
1440
1140

826

826

1422 470
30

mathematical model of the controlled system. This is called
a model-based approach. The model-based approach is
common in supervisory and optimal control strategies.
Optimal control strategy for a central chiller plant using the
genetic algorithm was introduced by Ma and Wang (2011).
The authors also discuss self-tuning of the models. The
models may be automatically adapted using an online
learning from operational data. However, this feature is
valuable only if the operational data are of a high quality
and are acquired with a sufficient sampling frequency.
Fuzzy logic-based controllers are an alternative to the
model-based approach. Saving of energy using fuzzy
control applied to a chiller was published by Silva et al.
(2012). These advanced control methods are commonly not
applied in most commercial facilities due to poor quality of
data acquisition and hardware restrictions in the plant. This
is also the case of BACS in the National Theatre in Prague.
However, even in this type of facilities, it is possible to
reach significant improvements of the control system.
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The existing control system reacts only to changes in
temperature in the monitored premises and/or in the water
return lines of the sources. The specific value of the
required heating/cooling power is a key unit for energy
system management. The specific value is affected by the
ambient temperature and other criteria (vacancy/occupancy
of the premises, time programs, etc.).

A supervisory control and data acquisition (SCADA) is
part of the BACS. The SCADA system archives the data
and is further responsible for master control mechanisms
using an operator’s PC (the personnel must be always
present). Main features of the SCADA system in terms of
energy efficiency are summarized in Table 2 (left column).
The integration of a reliable mathematical model may have
a great positive impact on these features. An advanced
SCADA system may offer the extra features summarized in
Table 2 (right column).

The model can significantly contribute on the TBM level
as well. Optimization of daily peak for natural gas for
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Table 2 Key features of the SCADA system and expected benefits connected with implementation of the mathematical model

Key features of the current SCADA system

Extra features of an advanced SCADA system

Monitoring performance and consumption, including displaying
history trends in charts

The manual selection of a particular heating/cooling source

Warning alerts in the event of exceeding the daily amount of natural
gas (using data from a gasometer)

Monitoring and prediction of performance and consumption, including
display of all trends in charts

An optimum automatic selection of a particular heating/cooling source

Prediction of natural gas consumption (weather forecast dependent) and
exceeding the daily peak for natural gas

contract with gasworks is a very progressive feature. It will
be presented in the “Model applications” section.

The developers of black-box/grey-box models must
possess previous data which is reliable. Common impedi-
ments of the data’s reliability include systematic mea-
surement errors and/or the accuracy of measurement
devices. Model developers usually consider these errors,
and the errors are thoroughly analysed in a review of
previous data. For now, we would like to discuss problems
associated with a data acquisition system that has been
designed for control, and not for developing an energy
system model. The developers of the model predominantly
work with data from heat-meters, transferred by an M-BUS
interface, which creates a problem.

The application potential of the M-Bus is relatively
narrow and highly specialised, and therefore the require-
ments are rather specific. The M-Bus has to deliver data
from many pieces of equipment, commonly designated as
slaves, to a common master over large distances (hundreds
of metres). Data transfer must be secured against errors. On
the other hand, the system does not read the utility meters
very often and the requirements on real-time reactions are
low. The M-Bus interface is based on the asynchronous
serial transmission of data using a two-wire bus. Data
transmission is half-duplex and has a master—slave struc-
ture. The bus allows data to be sent only from one station at
a time (Miehlisch 1998). This means that the database
acquires data foremost from the first heat-meter, from the
second heat-meter second, and so on. The time marks of
particular data differ (the difference may be several min-
utes and even tens of minutes, depending on the com-
plexity of the system). The speed and synchronization of
data transmission are not a priority in common heat source
meters. In contrast to this, the development of a mathe-
matical model highly prioritizes speed and synchroniza-
tion. Random time delays in data acquisition significantly
complicated the development of the energy system model
for the National Theatre in Prague. The “Models of
Building Critical Components” chapter presents the par-
ticular effects of the time delays on the case study.

Other impediments for the model’s development include
features of the control system which are designed for the

efficient use of storage capacity, namely the capacity of the
hard discs. Thus we face a problem in which old data are
erased and only recent data are kept. Due to these system
features, the model development can be complicated.

We may conclude that even a well-structured BACS
does not provide reliable data for modelling, and we have
to consider all the risks mentioned above. The following
chapter presents approaches to the development of system
models.

A review of suitable modelling techniques

Improvements to control systems based on simulation and
optimization are frequently discussed. A good mathemati-
cal model describing the system and its related aspects is
essential. The model may be white-box (based on
physics/chemistry laws), black-box (based on empirical
data—regression), or grey-box (a combination of white-
box and black-box principles). A comparison of different
modelling approaches can be found in the article by Afram
and Janabi-Sharifi (2014). The authors present a summary
of techniques used for all three types of modelling.

Based on our experience and the statements of other
authors, black-box modelling (Ochoa-Estopier et al. 2014)
or grey-box modelling (Xiwang and Wen 2014) is rec-
ommended when phenomena or properties affecting the
process are not fully known. These models have less
parameters to determine and need a shorter computation
time, which is important for their implementation into the
control system. The analytical models may be too complex
and do not have to reflect specific conditions influencing
the modelled system. On the other hand, black-box and
grey-box models are valid only according to the range of
data they are based on.

Heating and cooling systems typically consist of boilers,
heat pumps, and chillers, and occasionally also micro-tur-
bines and solar power generators. There are research arti-
cles describing various methods of black-box modelling in
either the entire system or a particular technological unit
and for various purposes (control, settings, operation
planning).

@ Springer



200

V. Masa et al.

In the field of black-box models, linear regression (LR)
models and neural network (ANN) models appear to be the
most frequently used. By LR, we mean linear with respect
to regression coefficients. In comparison with LR models,
ANN models can successfully identify nonlinear relations
between variables and are generally very suitable for
regression-type problems. On the other hand, LR models
show a lower level of complexity than ANN models, which
can be advantageous in further applications.

There are many papers discussing chiller modelling. A
review of ANN applications for chillers and heat pumps
was presented by Mohanraj et al. (2012). It shows that
ANN models are widely applied in this field. Kusiak et al.
(2010) modelled HVAC energy consumption by several
data-mining algorithms (C&RT trees, support vector
machine, etc.), and ANN showed the best accuracy. Swider
(2003) concludes that ANN models give better results for
complex vapour-compression liquid chillers without more
detailed knowledge of a system. On the other hand, when
further information is available, extended LR models
(different LR models for different operational modes for
example) are almost equally accurate.

None of the mentioned papers deal with a HVAC system
with boilers. Our literature search showed that performance
modelling of boilers used in utility systems has not been
conducted yet. The boiler-related research is usually
focused on large-scale boilers in power plants. ANN
models prevail here too, see for example an ANN-GA
approach for predictive modelling and optimization of
NOx emission in a tangentially fired boiler (Ilamathi et al.
2012).

It would have been useful if a comparison of ANN
models with LR models had been presented in these papers.
In further applications, such as optimization, LR models
may provide a better trade-off between complexity and
accuracy.

Applications of LR models are not as frequently pre-
sented as ANN models in the HVAC field. Solati et al.
(2003) applied a linear regression approach to model the
energy performance of screw chillers. Cui and Wang
(2005) used an LR model to develop a strategy for
detecting and diagnosing faults in centrifugal chiller sys-
tems. Jeon et al. (2010) used LR models derived from
models implemented in EnergyPlus to simulate a water-
screw chiller’s performance. Lee et al. (2012) presented an
overview and comparison of centrifugal water chiller LR
models frequently used for simulations, including both
black- and grey-box models. The comparison shows that
biquadratic and polynomial black-box models are the most
suitable of all the models included in the test.

To extend the application of the system model, a tool for
predicting heating and cooling demand is usually inte-
grated. This is also a frequently discussed issue within the
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literature. A review of the models for prediction is pre-
sented by Suganthi and Samuel (2012). For example, Marik
et al. (2008) developed a methodology for forecasting
energy demand where he specified inputs which are suffi-
cient for the majority of these problems.

In most of the studies mentioned, data used for black-
box modelling are either provided by the manufacturer or
obtained using well-managed processes (e.g. an experi-
mental utility system). Based on our experience, modelling
is very complicated in the case of a building-scale, com-
mon utility system. Problems may especially occur since
perfect data acquisition is not necessary for a control sys-
tem (see “Building automation and control system” sec-
tion). However, they decrease the quality of the data set
and consequently the quality of a model. Solving the
problems improves the data quality. On the other hand, it
requires additional time and investment, and therefore a
trade-off between improvements and investments is
needed.

As presented in the section on modelling, we produced
both LR and ANN models. We opted for LR models
because ANN models do not provide significantly better
accuracy, probably due to data quality as discussed before
(thus, these more complex models are not beneficial). Great
progress has been made in applying energy models for
building control and operation to save energy and costs.
However, there is still a long way to go to make these
methods applicable and guarantee a desirable performance
in practice (Xiwang and Wen 2014). Our paper is instru-
mental in these efforts and discusses the development and
use of a model which greatly enhances BACS/TBM in a
complex of existing buildings. We present efficient model
development and its easy implementation into the control
system. We have not found any paper dealing with these
issues in literature so far.

The following sections present the modelling process of
the energy management in the National Theatre in Prague
and two concrete examples to illustrate the application of
the model within the control system.

Modelling the building utility system

Our objective was to develop advanced functional prop-
erties of the National Theatre BACS based on a model (see
Table 2 in the section on the Control System). Before we
can integrate the model in the BACS, we first have to make
sure that it is reliable. In the first step, we had to verify the
following features of the model:

e An analysis of particular operational modes from a
technical-economic point of view. This feature is a
prerequisite for predicting utility performance and
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energy consumption and the optimal automatic selec-
tion of particular heating/cooling sources.

e The prediction of NG, oil, and power consumption in
various operational regimes. This feature is a prereq-
uisite for predicting the risks of exceeding the daily
peak for natural gas and daily peak optimisation.

Modelling methods and approaches should be chosen
according to the purpose of the model, and so it is not
worth making a complex model if it is not necessary.
Furthermore, there may be requests for easy implementa-
tion or clear interpretation as well.

In addition to impediments concerning data acquisition
(see “Building automation and control system” section),
we further have to consider that black-box models are valid
only in the range of data used for their development. This
could be a problem in optimization. If a solver finds a
solution which is technically feasible but out of the data
range used in modelling, we cannot be sure that the
approximation is valid in this case. Furthermore, we may
have to exclude an important model input due to missing
variability in operational data. For example, when a value
of an input is fixed (e.g. fixed temperature set point), we
cannot evaluate its significance for a model and therefore
we do not include it as a model input. Therefore, we lose a
decision variable when considering optimization.

We need a systematic approach (e.g. design of experi-
ment) to get data without the aforementioned weaknesses.
This can be time demanding and challenging considering a
daily operated utility system which has to satisfy the cur-
rent heating and cooling demand. It is for this reason that
our models are based only on data from routine operation.
Nevertheless, we can investigate operation regimes dif-
ferent from typical ones using these data.

Models for building critical components

The most important units regarding the model’s application
were already discussed in the “Building critical compo-
nents* section. These are

multi-fuel boilers (B1-MF, B2-MF),
gas-fired condensing boilers (B3-G, B4-G),
reverse water-cooled chiller (RCH), and
water-cooled chillers (CH1, CH2).

Looking at the simplified flow sheet (Fig. 2) we can see
that, in addition to these units, there are also heat
exchangers, mixers, and dividers. To propose a mathe-
matical description of the units, it is important to know
which parameters are measured and which are not. Since
the operator monitors many mass and energy flows, there
are many opportunities to make black-box models. In some
cases, there are not enough data and, in the other cases, it

does not make sense to develop black-box models. Simple
white-box models (based on mass or energy balances) are
used to model mixers, dividers, and heat exchangers.

Also, BI-MF and B2-MF are modelled with a simple
energy balance equation [assuming a constant efficiency—
Eq. (1)] because there are no long-term operational data
which could be used for the model.

Pg1ja = 1hvgiijgas X Moitjgas X Hp1/2s (1)

where P, is the heat output, /A g, is the lower heating
value of a fuel, my;j /g, s the fuel flow rate, and pg, ), is the
boiler efficiency.

The other units are modelled using operational data. The
modelling and validation is presented for the condensing
gas boiler B3-G only. The procedure is the same for the
other units getting very similar results.

Performance modelling of gas boilers

We made both LR and ANN models to compare their
accuracy. LR model is presented in Eq. (2); ANN model is
an MLP 3-8-1 with an exponential hidden activation
function and identity output activation function. Natural
gas consumption Mg, B3 (Nm3/h) is a function of heat load
Pg3(kW), temperature of return water #, g3(°C), and tem-
perature of cooled return water £, g3(°C). Models of the
other units are presented in the appendix.

Mgas B3 = 0.08 x Pg3z + 0.49 x feinB3 1 0.62 X tin B3
—30.98 (2)

Considering the goodness-of-fit measures, the coeffi-
cients of correlation (R—correlation between observed and
predicted values) is 0.936 for LR and 0.944 for ANN.
These values seem to be acceptable. But when we consider
the mean absolute error (MAE) and mean relative absolute
error (MRAE), the models do not seem to be accurate
enough. MAE values for LR and ANN are 7.99 and
7.52 Nm3/h, and MRAE values for LR and ANN are 13.93
and 13.26 %, respectively. The average error of more than
13 % is too high. However, this conclusion might be
premature.

Moving on to the model validation in more detail using
the B3-G, if we look at Fig. 3, the heat output is fluctuat-
ing; however, observed gas consumption is smooth (see,
for example, consumption at around 18:00). Heat output is
low at one step and high at the following step, while
observed gas consumption is almost steady. We assume
that this mismatch is caused by delayed acquisition of data
(heat output is delayed in this case). Predicted gas con-
sumption is responding to fluctuating heat output (one of
the model input parameters) and, therefore, it is fluctuating
too. This situation leads to differences between predicted
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and observed values and provides unacceptable MAE and
MRAE. With skewed heat output, predicted gas con-
sumption is also skewed and comparison with observed gas
consumption is meaningless. In the following section, we
investigate how much the model is affected by delays in the
data acquisition.

The effect of delays on a model is described in Fig. 4.
Both gas consumption and heat output are stored as a
cumulative quantity. To get the hourly gas consumption
and heat output, the previous value of cumulative quantity
is subtracted from the current value. The gas consumption
seems to be correct as it changes smoothly. However, the
heat output seems to be delayed because gas-meters are
directly connected to the pulse inputs of the controller,
whereas heat-meters are connected via the above-discussed
M-Bus. Clearly, when an acquired value corresponds to a
value measured before a time point, the difference between

~ 120 800
= 3
E 9 600 =
s 5
E 60 400 &
El =
2 5
g 30 200 g
D
Q =
z 0 b——/r—r—r————T——T+r+— 0
0:00 6:00 12:00 18:00 0:00
----- Predicted Observed Heat output

Fig. 3 A line chart of gas consumption for B3-G

Fig. 4 The effect of delays in

The values of natural gas consumption are measured and

the current and previous values is smaller than it should be.
Consequently, the difference is bigger than it should be in
the next time point if it is stored almost “on time”. This
results in a very irregular fluctuation in heat output. The
model responds to the fluctuating heat output by fluctuating
gas consumption (predicted values), and so the residuals of
predicted values from observed values are significant.

This comparison leads us to the conclusion that the model
for predicting gas consumption is not good enough. In fact,
the model may predict gas consumption with reasonable
accuracy. Low heat output (long delay) is balanced by high
heat output (no delay or short delay) in the next time point;
and as the fitted function (model) minimizes residuals of gas
consumption (least square method), it should result in a
negative residual for high heat output and an equal, yet
positive, residual for low heat output. The “curve” of the
function is therefore not biased by the delays.
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However, this idea is hard to prove. One factor which
supports this idea is a comparison of the cumulative sum of
gas consumptions. Comparing the cumulative sum of pre-
dicted and observed values (Fig. 5), we can see that the
model is able to predict gas consumption accurately over a
long-term period. Clearly, an overestimated prediction (due
to high heat output) is followed by an underestimated
prediction (due to low heat output) in the next time point. If
we sum these two predictions, we get a value equal to the
sum of the two corresponding observations. This pattern
was observed in other models, too.

Modelling summary and evaluation

Black-box models driven by operational data can provide
sufficient support in operation planning and in other long-
term problems:

e The simulation of operations based on predicting
energy demand;

e The prediction of NG, oil, and power consumption in
different operational regimes; and

e The prediction of risks originating from exceeding the
daily peak for natural gas.

This was proven with a cumulative gas/electricity con-
sumption test. The results are summarized in Table 3. For
short-term problems (the optimum selection of a particular
heating/cooling source), the accuracy of the models is hard
to prove due to delays in data acquisition. However, based
on the cumulative consumption test, we think that the
models may be reasonably accurate.

We carried out manual measurements on B3/4-G (once)
and RCH (twice). Many more measurements are necessary
to properly test the models; however, these manual mea-
surements are very time- and manpower consuming (the
measured values are displayed at different locations in the
machine room). A comparison of manually measured val-
ues with black-box models is provided in Fig. 6. We also

85
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Gas consumption
(m3/h)

B4-G
90
80
70
60
50

Electricity consumption
(kWh/h)

test 1 test 2

m observed
operational data model

= manufacturer data model

Fig. 6 Comparison of the developed data-driven models against
manually measured values

received the manufacturer’s data (catalogue) for B3/4-G
and for RCH. A comparison of manufacturer’s data-driven
models is also presented in Fig. 6.

The values predicted by the models are very close to the
observed values. In all cases, except for B3-G, the opera-
tional data-driven models show better accuracy than the
manufacturer’s data-driven models. Of course, we cannot
make a definitive conclusion on the models’ accuracy
based on these tests alone (i.e. only two measurements).
However, these manual measurements also support our
idea that black-box models based on operational data with
time delay can be sufficiently accurate. Moreover, it indi-
cates that it is better to use operational data than manu-
facturer’s data for modelling since manufacturer’s data are
obtained under specific conditions, usually different from
the conditions of the investigated process.

Table 3 The goodness of fit

from daily cumulative Unit

Mean absolute error Mean relative absolute error (%)

consumptions B3-G gas consump.

B4-G gas consump.
RCH electricity consump.
CHI electricity consump.

HP electricity consump.

52.3 Nm®/day 2.8
37.7 Nm®/day 2.1
19.6 kWh/day 0.0
22.2 kWh/day 0.0
8.7 kWh/day 33

Unit

Sum of observed Sum of predicted Difference (%)

B3-G gas consump.
B4-G gas consump.
RCH electricity consump.
CHI electricity consump.

HP electricity consump.

109,115 Nm? 110,551 Nm? -13
107,229 Nm? 107,817 Nm® —0.6
39,054 kWh 38,159 kWh 23
23,838 kWh 23,955 kWh -05
11,352 kWh 11,496 kWh -12
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Fig. 7 Summary of the overall Overall model (g rey-box)
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Regression models (black-box)
Gas / Oil Gas Gas Power Power
Consumption of Consumption of Consumption of Consumption of Consumption of
Multifuel Boilers Condensing Boiler | |Condensing Boiler Reverse Chiller Chillers
B1-MF / B2-MF B3-G B4-G RCH CH1/CH2
Balance models (white-box) Constants

Mixers

Power
Consumption of
Heat Pump

Dividers Heat Exchangers

HEX1/HEX2/HEX3

Overall grey-box model

The concept of the overall model is shown in Fig. 7. The
overall model can be considered as a grey-box model since
both regression models and balance models are included.
The overall model incorporates all technologies which help
produce heat and cold in the National Theatre in Prague.
Therefore, it sufficiently describes the whole utility system.
A practical application of the model is given in the fol-
lowing chapter.

Model applications

Some examples of the model’s applications are described
in the following text to demonstrate the benefits of the
model. The first example describes a short-term planning
problem, and the other refers to a long-term problem.

The optimum selection of heating/cooling source

The expected application of the model is at the SCADA
level. This is the basic level where operators directly
control the parameters of the utility system. The biggest
asset of the model we developed is that it helps select the
right source of heat and cold.

In general, B3-G and B4-G are used together with RCH
for heating. RCH utilizes low-grade heat from cooling
water which returns to the boilers. Another source is water
from the river (with a minimum temperature of 6 °C). The
operator is interested in how to distribute the heat load
among B3-G, B4-G, and RCH, so the efficiency or the
operational costs are minimal. The solution is not
straightforward because load distribution influences tem-
peratures at the inlet and outlet of each unit, and this
influences the COP of RCH and thermal efficiencies of B3/
4-G.

In this example, we assume a winter day when the total
heat load is 2600 kW. The question is how to distribute
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heat loads among RCH and B3/4-G. Return water for B3/4-
G is the only source of heat for RCH because the tem-
perature of the river water is below 6 °C. Usually, the RCH
unit works at the available maximum (700 kW) to cool
down return water for B3/4-G (see Fig. 8).

Surprisingly, however, the optimal solution says that
RCH utilization should be much lower. The optimal heat
loads are as follows: RCH—170 kW, B3-G—1215 kW,
and B4-G—1215 kW. We carried out a sensitivity analysis
of the optimal solution to RCH heat load in order to better
understand this solution. The operator naturally expects a
much higher RCH heat load because it provides a lower
return water temperature (i.e. a positive effect on conden-
sation in boilers and their efficiency); a lower boiler load
also provides better efficiency (better condensation).
However, the other effect of a high RCH load is low COP.
The flow rate of water in the RCH condenser is constant,
and water temperature in the collecting header is fixed
(given by the ambient temperature). Therefore, the tem-
perature at the outlet of the condenser side increases with
the heat load. This has a negative impact on COP, which
negates the increased boilers’ efficiency. The difference in
cost is not enormous, 3 EUR/hour, but considering a
heating period of 4 months, it may save over 8600 EUR
every year (the difference is similar for a wide range of the
total heat load).

112
1115 A current strategy —>
g 111
110.5 A .
= optimal
% 110 A :
a solution
© 109.5 A
109 - l’
108.5 T T T
0 200 400 600 800

RCH heat load (kW)

Fig. 8 Sensitivity of operational costs to RCH load
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This is one example of optimum source selection. The
operator repeatedly faces many other dilemmas in con-
trolling energy systems in the summer time as well. There
are two options for cooling, RCH, and/or CH. The RCH
has a lower COP than CH, but the RCH is more efficient
when there is also a demand for heat. The operator decides
if it is still cost effective to run the RCH according to the
heat demand and other parameters (e.g. target temperatures
of chilled and cooling water). Other difficulties arise during
the transition period when the system switches from heat-
ing to cooling and/or both regimes run in parallel. The
model and optimization may bring important answers and
more savings to the operational costs.

So far in the testing, the model functioned as a sup-
porting computational tool which the operator runs in MS
Excel as required. First, the model can display recom-
mendations concerning the optimum sources of heat and
cold. If the system proves reliable, it could assume deci-
sion-making competencies and select the energy sources on
its own. We recommend integrating it into the existing
BACS for the optimum automatic selection of a particular
source performed by a control system.

The previous example shows the application of the
model for a short-term control problem on the SCADA
level. Let us now analyse how the model can contribute on
the TBM level, in our case, with the operation of the
heating system.

Optimizing the daily peak for natural gas

The costs of gas consumption may be structured as variable
and fixed costs. Variable costs simply depend on the
amount of gas consumed. Fixed costs are related to pay-
ments for the daily peak. The daily peak is the maximum
volume of gas which can be delivered on any one day
during a given period. There are very high penalties for
consumers if they exceed this limit. A high daily peak in a
contract means high costs for gas. The goal is to find the
optimum value of the daily peak and thus minimize the
costs.

Let us now assume that we have perfect information
(prediction) about heat demand during the heating period
(hourly data) which needs to be satisfied with B1/2-MF,
B3/4-G, and RCH. In addition, we have perfect information
about the return water temperature (equitherm control
based on the actual demand and ambient temperature). The
energy management needs to know how to set the daily
peak in a contract and how to operate the boilers to achieve
minimal operational costs.

The objective function to be minimized is given by
Eq. (3):

= § Eete X ce + § ans X Coas + § Moil X Coil

heating heating heating
period period period
+ ans,day X Cgas day + E ansA,pen X Cpenalty 5 (3)
heating
period

where E. is the electricity consumed (kWh/day), c. denotes
the electricity costs, Qgys 18 the gas consumed (Nm3/day), Cgas
denotes the unit costs of the gas consumed, mg; is the oil
consumed (kg/day), c.ii denotes the unit costs of the oil
consumed, Qg dp 1S the volume of the daily peak (Nm3 /day),
Coas,dp 18 the cost of the daily peak, Qgaspen 1S the gas con-
sumed over the daily peak (Nm3/day), and cpep is denotes the
penalty costs. The start-up costs for B-MF are not consid-
ered. Approximate prices are summarized in Table 4.

Assuming that the heating period lasts 109 days and
heat demand corresponds to real operational data, the
average hourly heat demand (multiplied then by 24) is
considered instead of a different hourly demand during the
day to make the problem easier to solve. The average
return water temperature is used as well.

Since we evaluate daily fuel consumptions, we can use a
model driven by operational data which has been proved
accurate for this purpose. The model was implemented into
the GAMS modelling system.

The minimal value of the objective function is EUR
136,300, and the optimal daily peak is 4315 Nm?®/day. The
operation or, more precisely, the gas and oil consumption is
shown in Fig. 9. There are only 3 days (31, 78 and 81) with
a higher heat demand in which gas consumption is on its
daily peak, and therefore it is partially replaced by oil.
There are other days when gas is on its daily peak; the rest
of the heat load goes to RCH.

The cost sensitivity to the value of the daily peak was
analysed. The results are shown in Fig. 10. The operation is
never penalized because the penalty is too high and so oil is
used when needed. If the operator wants to be on the safe
side, the daily peak of 4800 Nm>/day is the best choice (no
need for oil according to the given heat loads). However,
overestimating daily peak leads to significantly increased
costs. Compared to the optimal value of 4320 Nm*/day, it

Table 4 Approximate prices used in the optimization

Electricity cost c. (EUR/kWh) 0.2
Natural gas cost cgys (EUR/Nm?®) 0.38
Oil cost cojf (EUR/kg) 0.74

(EUR/Nm® of daily peak volume)  4.07
(EUR/Nm® of gas over the peak) 20

Daily peak cost cgas,day

Penalty cost cpenaiy
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Fig. 9 Gas and oil consumption
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Fig. 10 Sensitivity of operational cost to NG daily peak

is EUR 6400 more (about 5 % of the total costs), whereas
underestimating shows a slight increase in costs. On the
other hand, underestimating is at more high risk. The oil is
stored on site in a tank with a limited volume, and the
option is not as flexible should there be an increased
demand for oil.

This example was a case of perfect information about
the future, but, of course, heat demand is extremely
uncertain in the long term. There are well-known methods
of dealing with this uncertainty. For example, the Monte
Carlo method can be applied. The procedure consists of
solving an optimization problem for a series (hundreds or
thousands) of random heat demands. The results are then
statistically evaluated and we choose the best value.

We carried out a Monte Carlo simulation with 500
randomly generated heat loads (the aforementioned fixed
heat load was multiplied by a randomly generated number
from normal distribution with a mean of 1 and standard
deviation of 0.1). Figure 11 presents the results. In this
method, we do not get one number but a histogram
showing a probability distribution of the daily peak, which
is a good tool for supporting decision making. For exam-
ple, if we want to avoid using oil or sanctions, we can
choose the value of 5500 Nm?/day (the probability that gas
consumption will be equal to or lower than this value is
very high—95 %). However, looking at Fig. 10, total costs
rapidly increase in relation to the daily peak, and the
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Fig. 11 A histogram of optimal daily peaks from Monte Carlo
simulation

decision is not that straightforward. It is up to the decision
maker which value is the best choice. A value close to 4800
could be a good decision.

The other way of handling this uncertainty is a two-stage
stochastic programming. The first-stage decision (the
maximum daily gas demand) is made before the observa-
tion of uncertain parameters (heat demand). The second
stage decision(s) is a reaction (boilers’ operation) to the
observation of uncertain parameters. So, there is only one
daily peak and not a series, as in the Monte Carlo method.

Conclusion

With increasing energy prices and pressure on environ-
mental protection, energy-efficient processes and cost-ef-
fective energy management are in demand. HVAC systems
are particularly significant energy consumers with huge
potential for improvement. In addition to replacing old
technological units to guarantee better efficiency, there is
also a potential for “soft” improvements, such as better
BACS and TBM, better operation planning, and so forth.
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In this paper, we dealt with the heating and cooling
system in the National Theatre in Prague. Since there are
lot of operational data available, we decided to employ a
grey-box modelling approach. The system is operated daily
with standard energy data acquisition using an M-Bus
protocol. An analysis of the data showed that the acquisi-
tion system causes a significant time delay, which is
problematic for the modelling.

The model validation showed that the prediction accu-
racy could not be clearly proved over a short-term period
(i.e. 1 h in validation step) due to time delays in acquisi-
tion. However, we were able to demonstrate good accuracy
of the model over longer periods (several hours or a day),
and the manually performed test indicated that the model is
sufficiently accurate. The effect of delays was shown to be
balanced, and the regression function was not biased. In
fact, the model’s predictions were demonstrated to be
closer to real values than data from the acquisition system.

The application of the model demonstrated its benefits
on the BACS level as well as on the TBM level. These
“soft” improvements are not expensive and provide effi-
cient operation and cost savings. Our paper is instrumental
in these efforts and discusses the development and imple-
mentation of the model into the control system. The suc-
cessful integration of the saving tools is conditioned by an
agreement between the technical manager of the building
and an expert in the area of modelling and optimization.
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Appendix
B4-G

LR: Mgys B4 = 0.08 x Pps 4 0.15 x fcinB4 + 0.57 x tin,B4—
16.91

ANN: MLP 3-10-1; hidden activation function: logistic;
output activation function: hyperbolic.

Mgas B4 Natural gas consumption (Nm3/h)
Pgs heat load (kW)

RCH

It can work in combined heating and cooling mode so two
equations are needed (one for condenser and one for
evaporator).

LR cond.: Ppow,RCH =0.57 x Tout,co,RCH — 0.36 x fin,ev,RCH
+0.25 x Pheat,RCH —12.46

ANN cond.: MLP 3-7-1; hidden activation function:
logistic; output activation function: hyperbolic

LR evap.: PpowﬁRCH =0.75 % Tout,co,RCH — 0.31 x fin,ev,RCH
+0.41 X Peool rc — 29.25

ANN evap.: MLP 3-5-1; hidden activation function:
hyperbolic; output activation function: exponential

Ppow RcH power consumption (kW)
Pheat RCH heat output (kW)
Pcool RCH cooling output (kW)

temperature of water at condenser/
evaporator inlet (°C)

temperature of water at condenser/
evaporator outlet (°C).

tin,co/ev,RCH

toutﬁco/ev,RCH

Regression type R MAE MRAE
LR RCH condenser side 0.9623 9.56 18.07
ANN RCH condenser side 0.9682 8.66 15.00
LR RCH evaporator side 0.9484 6.29 9.02
ANN RCH evaporator side 0.9560 6.04 8.94

CH1

Data for CH2 are not available due to occasional operation
so CH2 is assumed to have similar performance as CH1.

LR: Ppow,CHl =534 x tin,co.CHl —0.17 x tin,ev,CHl+
0.15 x Pcoo],CHl —107.62

Ppow,cHi  power consumption (kW)

Pcoorcui cooling output (kW)

finco,cHl  temperature of water at condenser inlet (°C)
inev,cHl ~ temperature of water at evaporator inlet (°C).

tin,B4 temperature of return water (°C) . L .
o ANN: MLP 3-5-1; hidden activation function: hyper-
t.inps temperature of cooled return water (°C) . LT . .
’ bolic; output activation function: hyperbolic.
Regression type R MAE MRAE Regression type R MAE MRAE
LR B4-G 0.9024 6.50 13.84 LR CHI 0.9310 9.67 11.88
ANN B4-G 0.9129 6.11 13.24 ANN CHI 0.9404 9.39 11.36
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In many cases, WtE (waste-to-energy) plants are CHP (combined heat and power) producers. They are
often integrated into a central heating system and they also export electricity to the grid. Therefore, they
have to plan their operation on a long-term basis (months, years) as well as on a short-term basis (hours,
days). Simulation models can effectively support decision making in CHP production planning.

In general, CHP production planning on a short-term basis is a challenging task for WtE plants. This
article presents a simulation based support. It is demonstrated on an example involving a real WtE plant.
Most of the models of relevant WtE sub-systems (boilers, steam turbine) are developed using operational
data and applying linear regression and artificial neural network technique. The process randomness
given mainly by fluctuating heating value of waste leads to uncertainty in a calculation of CHP production
and a stochastic approach is appropriate. The models of the sub-systems are, therefore, extended of a
stochastic part and Monte-Carlo simulation is applied.

Compared to the current planning strategy in the involved WtE plant, the stochastic simulation based
planning provides increased CHP production resulting in better net thermal efficiency and increased

revenue. This is demonstrated through a comparison using real operational data.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

This work was motivated by the need to improve how energy is
managed in a plant for energy recovery from waste, also called
WIE (waste-to-energy). Greater efficiency and increased revenue
are the two goals for improving the planning of energy production
in the plant. In this contribution, we present a planning approach
based on black-box modelling and sequential stochastic
simulation.

The WHIE facility concerned in this paper is located in Prague,
the Czech Republic. Its simplified flow-sheet is in Fig. 1. Its
processing capacity is 300 kt/y. It was put into operation in 1998
and consists of four lines with a processing capacity of 15 t/h of
waste per line. The corresponding production of steam in one
boiler is 36 t/h at a pressure of 1.37 MPa and temperature of

* Corresponding author. Tel.: +420 541 144 961.
E-mail addresses: tous@fme.vutbr.cz (M. Tous), pavlas@fme.vutbr.cz (M. Pavlas),
putna@upei.fme.vutbr.cz (0. Putna), stehlik@fme.vutbr.cz (P. Stehlik), crha@psas.cz
(L. Crha).

http://dx.doi.org/10.1016/j.energy.2015.05.077
0360-5442/© 2015 Elsevier Ltd. All rights reserved.

235 °C. Since the WHIE facility was originally assumed to deliver
heat only for a DHS (district heating system), the steam pa-
rameters at the boiler outlet were designed specifically with this
in mind. No steam turbine was installed in its original
arrangement and so it was run without electricity production.
Although the facility was a minor heat supplier within the DHS,
the lack of heat demand, especially during the summer, caused
its limited performance.

In 2009, the plant underwent massive modernization. Its flue
gas treatment system was expanded with DeNOx/DeDiox tech-
nology, which is a combined process for the catalytic removal of
nitrogen oxides and dioxins from flue gas [1]. At the same time, a
new condensing steam turbine, with a nominal output of 16 MW,
with one uncontrolled extraction was installed. Since then, it has
been simultaneously producing heat and electricity, i.e. it became a
CHP (combined heat and power) producer. However, there were no
changes implemented on the boilers to increase steam parameters.
Regarding the current state-of-the art, the steam parameters are
low compared to other WtE plants. Typical values for a plant of this
type are 4 MPa and 400 °C or more [2]. In addition to heat from CHP
production, there is also a live steam supply as a utility for
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Nomenclature

Variables

Ms¢ steam production in boilers (t/h)

Amg, an increment in steam production in boilers (t/h)

Amg max a reference value for a decision if an increment in
steam production is large or not (t/h)

Mg bo  the flow rate of steam for boilers' blow off (t/h)
Mg 4o the flow rate of steam to deaerator (t/h)

Mg o«  the flow rate of steam to external consumer (t/h)
mg 7¢  the flow rate of steam to the steam turbine (t/h)
Mg, pp  the flow rate of by-passed steam (t/h)

Mg ex  the flow rate of extraction steam (t/h)

Mgt ex, pus the flow rate of steam for district heating (t/h)

Mg ex, sc the flow rate of steam for self-consumption (t/h)

Dst, ex the pressure of extraction steam (kPa)

Tst, ex the temperature of extraction steam (°C)

T, ex + bpthe temperature of extraction and by-passed steam

mixture (°C)

Tiin the minimum temperature required at the inlet of the

district heating heat exchanger (°C)

Rst, ex the specific enthalpy of extraction steam (kJ/kg)

hgt the specific enthalpy of steam produced in the boilers

(kJ/kg)

hst, ex + bpthe specific enthalpy of extraction and by-passed

steam mixture (kJ/kg)

Rst, exfex + bp, T = 70 °c the specific enthalpy of condensate at the
outlet of the district heating heat
exchanger with the outlet temperature of
70 °C (KJ/kg)

Wre steam turbine electricity output (MW)

Wirg, exp €lectricity export (MW)

W?c, exp calculated electricity export with zero by-pass and
planned heat delivery (MW)

QbHs heat delivery to a district heating system (MW)

Qst, 76 + bp
heat content in steam before by-pass (MW)
Hth net thermal efficiency (%)
d drift of mean (t/h)
£ w random numbers (—)
Superscript
t time parameter
Parameters
H hour in a day
D day in a week
NB number of boilers in operation

Abbreviations
WLE waste-to-energy plant

CHP combined heat and power
DHS district heating system
MC Monte-Carlo simulation
PC plan confidence

LR linear regression model

ANN artificial neural network model
LHVW  lower heating value of waste
FRW the waste flow rate

MAE mean absolute error

MRAE  mean relative absolute error

industrial heating. This steam is supplied according to current de-
mand which is not regular and is difficult to predict.

The new plant arrangement brought with it more flexibility but,
at the same time, an increased need for energy management. CHP
production is governed by contracts on heat and electricity de-
livery. These contracts specify things such as amount of heat/elec-
tricity, prices, penalties, and so on.

The amount of heat delivered in a year is specified and then
distributed into months (higher in winter, lower in summer). A
month's delivery is uniformly distributed into days in the month
and a day's delivery uniformly into hours. A delivery deviation
within a specific range from the planned amount is feasible (given
by a contract), otherwise there are penalties.

Furthermore, the facility has a contract on electricity delivery. The
electricity is offered to a retailer, after which, the retailer takes it to the
electricity market. The same rule of delivery deviation from the
planned amount holds. The electricity delivery has to be kept within a
specific range from the planned amount, otherwise there are
penalties.

The contract's conditions, together with WtE plant's actual
performance, govern the planning of heat and electricity delivery
on an hourly basis for the next day. The goal of planning is to
prepare a balanced production plan where the plant's performance
is maximized from an economic point of view. To summarise, the
plant's efficiency and risk of not-meeting the plan should be
addressed at the same time.

In general, WtE heat and electricity planning is a challenging
task, especially due to inhomogeneous waste. The properties
(composition and lower heating value) fluctuate over the time. In

addition, the WtE plant delivers live steam to the external con-
sumer. However, the steam demand is strongly irregular and
significantly contributes to uneasy operation planning. The external
consumer is a facility producing dairy products and the irregularity
is due to variable production.

Considering the operation of a WtE plant in general, there are
three situations which may occur in relation to a proposed pro-
duction plan (see Fig. 2):

e First, a plan underestimates a plant's actual performance, the
amount of steam leaving the boiler house and entering the
turbine house is higher than expected. More heat and power
could be produced. Penalties are accepted and/or part of energy
has to be wasted to meet the plan (e.g. turbine bypassing or heat
releasing into environment). This leads to a financial loss or loss
in CHP efficiency, respectively.
Second, a plan overestimates a plant's performance. This may
cause an inability to satisfy the planned delivery which leads to
penalties or high operation cost by utilizing natural gas to in-
crease steam production.
e Third, a plan reflects a plant's actual performance within com-
mon fluctuations, which leads to an uncomplicated operation
with maximized financial effect and CHP production.

Clearly, a balanced plan represents an ideal situation and is
preferred whenever possible. Underestimating represents a con-
servative approach and overestimating may be observed when an
unexpected drop in steam production appears. We want to avoid
underestimating and overestimating as much as possible.
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Fig. 1. A simplified flow-sheet of the steam—condensate cycle used in WtE technology (red lines represent steam, blue lines represent water, flue gas treatment system excluded).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 2. Situations which may occur in relation to a proposed production plan.

Current planning strategy in the considered WtE plant in Prague
is given by conditions in contracts. In this case, there is a high
penalty when electricity delivery is over the agreed deviation,
which is £0.5 MW. On the other hand, there is a low penalty when
the planned heat delivery is not kept on a short term basis. Natu-
rally, the focus in terms of planning and subsequent operation is on
the electricity delivery. The planned electricity delivery is conser-
vative to make sure that the plant will be able to satisfy it. If the
steam production is higher the steam turbine by-pass is used to
decrease it (see Fig. 1 —mg, pp). This means higher heat delivery but
itis not penalized as much as for electricity. This is not beneficial for
CHP production and maximising financial revenue. Support based
on an advanced simulation tool is one possible method to minimize
these situations and enhance the performance, with an acceptable
risk of penalties resulting from fluctuating and unpredictable
operation.

The proposed plan should be accurate enough regarding the
agreed deviation of electricity export, as stipulated by the contract.
Regarding the aforementioned aspects, an uncertain LHVW (lower
heating value of waste) and live steam extraction, this is chal-
lenging. However, these are not the only source of uncertainty. We
apply regression models developed using operational data (data-
driven models). These models are called black-box in scientific
papers.

Naturally, there is also some uncertainty presented because the
data is influenced by random errors or there can be lack of
explanatory variables — for example when the modelled system is
too complex we do not consider all influencing factors or when we
want to simplify the model in order to make a calculation simple
(see the model of steam extraction for deaerator). In some cases the

uncertainty is higher in some cases lower. For these reasons, we
shall introduce a stochastic model and stochastic simulation
(Monte-Carlo method, MC) for CHP production planning in the WtE
plant.

Based on our literature research, improvements in energy
management based on simulation and optimization are frequently
discussed. Salgado and Pedrero [3] presented a review of short-
term operation planning on CHP systems. They concluded that
stochastic models should be included more frequently. Recently,
Bischi et al. [4] presented optimization based, short-term plan-
ning for combined cooling, heat and power production where the
daily operating cost is minimized. Short-term operation planning
is also typical for some renewable energy systems (solar, wind).
Nemet et al. 5] presented a paper which dealt with an increase in
solar energy in order to minimize utility consumption by
rescheduling. Pereira et al. [6] introduced a mixed integer
nonlinear programming model to manage power systems,
including wind power plants. Researchers in operation planning
of CHP production systems including renewable sources of energy
usually consider uncertainties. It is typically electricity price (e.g.
Ref. [7]), natural gas price and uncertainty in renewable energy
production (e.g. Ref. [8]).

WItE plant CHP production planning has to consider un-
certainties as well. Lower heating value of waste represents an
uncertain parameter common to all WtE plants. However, the
attention is not paid to this topic in scientific papers.

Optimization of operational plans or control is an objective of
recent research papers (e.g. Ref. [8]). However, we introduce a
simulation tool only since there are no degrees of freedom in the
operation planning procedure considered in this paper.
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An inappropriate plan is only met by remedy actions (turbine
by-passing, energy wasting) during an operation (see Fig. 2 and
related description). These remedy actions provides degrees of
freedom during the operation; they help to meet a plan. But these
actions make the operation less efficient. With a very accurate plan,
these actions does not have to be applied. When making a plan we
have to consider three operational parameters: steam for energy
production (given by steam production and self-consumption),
heat production and electricity production. These three parame-
ters are in a relation. Let us assume that we want to estimate
electricity production with respect to heat production which is
fixed in a contract. To do it, we need amount of energy (amount of
steam) used for heat and electricity production. WtE plant operates
at maximum load since its primary goal (and the main revenue) is
waste processing. So steam production for the next day is estimated
with respect to this. In summary, there is nothing to optimize in an
operation planning procedure and a simulation tool is sufficient.

A good mathematical model describing the system and related
aspects is essential for simulation and optimization. According to
Ochoa-Estopier et al. [9], data-based (statistical) models are
preferred in circumstances where computation time is important,
when phenomena or properties affecting the process are not fully
known, or when the scope of the application does not require
extensive deterministic models. In scientific papers, we can find
researches using analytical models of WtE plants. Kropac et al. [10]
investigate hazardous waste incineration from an energy produc-
tion point of view using a balance model developed in W2E soft-
ware and Somplak et al. [11] use a balance model for optimizing the
basic design of a new WTE plant. According to our literature review,
a data-driven model of WtE plant operation, which is presented in
this paper, has not been published yet. Research with a similar focus
was, however, presented by Bunsan et al. [12] where an ANN
(artificial neural network) model was used to predict dioxin
emission production in order to plan strategies for reducing
pollution.

In our contribution, we combine data-driven models and
analytical models (in some cases, black-box models does not make
sense). Our literature review into black-box modelling of process
units has shown that LR models (linear regression) and ANN are the
most frequently used. For example, Mohanraj et al. [ 13] presented a
review of more than one hundred applications of ANN. In com-
parison with LR models, ANN models can successfully identify
nonlinear relationships between variables and are generally very
suitable for regression-type problems. On the other hand, LR
models show a lower level of complexity than ANN models, which
can be advantageous in further applications. In our contribution,
we use both LR and ANN.

In the following sections, we present development and appli-
cation of a simulation tool for CHP production planning in the WtE
plant. Section 2 introduces CHP production process in the WtE
plant and deals with the modelling of crucial parts, including a
stochastic nature. A wide range of modelling techniques was
applied to different parts of technology and the models' accuracy is
shown applying commonly used goodness of fit measures. Simu-
lation procedure is presented in Section 3. Section 4 provides an
analysis of benefits from using our proposed tool. Section 5 sum-
marizes the most important findings.

2. CHP production modelling
2.1. The steam cycle description
First, we shall have a look at all steam streams which influence

the CHP production process in a WtE. A simplified flow sheet is
shown in Fig. 1 and was shortly introduced in the previous section.

We shall now add some more details. Steam is produced in four
boilers. Part of the steam exiting the boilers is utilized in WtE
technology and part is exported to an external consumer. After-
wards, it goes into the condensing steam turbine with one un-
controlled extraction. Steam from the extraction is used for pre-
heating feed water and for district heating. Steam from the
condensing stage of the turbine is condensed in the condenser. If
needed, the steam turbine can be by-passed. By-passed steam joins
steam from the extraction. With models which calculate the
aforementioned steam streams and turbine performance, we can
built a simulation model of the entire process and use it for plan-
ning CHP production.

2.2. The modelling approach

First, let us summarize the basic principle of the modelling
approach. Since there is operational data available, we prefer black-
box modelling (regression). We also need to use a simple mass and
heat balance for mixing or dividing amongst other things.

The goodness of fit of the black-box models is measured by MAE
(mean absolute error) and MRAE (mean relative absolute error), see
Eq. (1) and Eq. (2) respectively.

n 7. _— .
MAE:ZI’Z]‘I)\/II yl‘ (l)
n[yi-yi
MRAE :Z’ﬂTyf 2)

Here, y; is predicted value and y; is observed value and N is number
of observations.

This is a commonly used measure for ANN models in many
papers, e.g. Ref. [14]. If the LR model provides an accuracy rate
negligibly worse than ANN we prefer LR as it is easier to implement
and debug the simulation tool. All ANN models are MLP (multilayer
perceptron) networks with an input layer, one hidden layer and an
output layer. Due to ANN models complexity we only mention very
basic parameters of each model in the following text: number of
neurons of each layer and an activation function of a hidden layer
and an output layer. For example: MLP 10-4-1, exponential/hyper-
bolic tangent is a multilayer perceptron with 10 neurons in the
input layer, 4 neurons in the hidden layer, 1 neuron in the output
layer and the activation function of the hidden layer is exponential
and of the output layer is hyperbolic tangent.

There are two ways to carry out the simulation; sequential and
equation-oriented. We prefer the sequential simulation in this case
as, when designed suitably, it is easier to solve. However, to make it
feasible there was a trade-off between the accuracy of the models
and keeping them acceptable for the sequential simulation. In that
case, we may simplified those models which had a lower impact on
the results, e.g. the accuracy of the model calculating the deaerator
steam flow rate was less important than the accuracy of the model
calculating the steam turbine output.

In the second step, we consider the aforementioned un-
certainties in a WtE process. We introduce stochastic models which
may handle this uncertainty. The models are stochastic in a simple
way. The output of a black-box model f (x1,...,x,) is slightly modified
by a random number, see Eq. (3).

f(XTa ~-->XH7§) :f(xl7 --~,Xn) +g7 &~ PD(par‘la ~--~,parl‘l) (3)

where f (X1,....Xn, £) is the modified black-box model output and
¢ ~ PD (pary,..., pary) is a random number from a probability dis-
tribution PD with specific parameters par. The random number is
generated from a probability distribution which is given by
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probability distribution of residuals of a model. This form of a
model is used for all models except the boilers performance model
(steam production), which is based on a time series.

We should note that an exploratory analysis and error detection
happens before the modelling itself.

2.3. The boiler performance model

Using municipal solid waste as a fuel brings significant com-
plications compared to common CHP systems. Besides the complex
flue gas cleaning system, the LHVW (lower heating value of waste)
fluctuates more or less randomly. This makes modelling boiler
performance a tough task.

First, we discuss the basic regression model for steam produc-
tion. Naturally, it needs two inputs: fuel flow rate and fuel heating
value; in our case FRW (waste flow rate) and LHVW. But it is
impossible to know LHVW a priori. For example, plastic waste has a
high heating value while wet food residues have a low heating
value. Even though mixing waste before feeding into a boiler helps
to decrease LHVW fluctuation, the differences are still significant.
However, if LHVW is not considered as an input, regression pro-
vides useless results. This is demonstrated in Fig. 3. We can see that
for a FRW of 15 t/h we have an interval of steam production from 30
to 40 t/h, which is not acceptable for practical use.

So we have to investigate another method for modelling steam
production. The solid line in Fig. 4 (denoted as Observed) shows the
hourly average steam production for 36 h (the other two lines are
explained below). Using time series techniques we tried to estimate
the steam production trend for a sequence of hours. However, it
showed that there was no predictable trend.

The conclusion is that steam production is random (mainly due
to random LHVW) and therefore a good prediction is impossible.
The solution is to make a purely stochastic model. A model called
random walk seems to be suitable for this case. Random walk is a
very simple stochastic model. It is a special case of time series
models and is given by Eq. (4).

t t—1 | gt
m =mi! ¢ (4)
where mg is steam production in boilers, t is a time parameter
(hour in our case) and £ is a random increment. So steam produc-
tion in the following hour is given by steam production in an actual

hour plus a random increment. The Eq. (4) can be rewritten in the
form in Eq. (5).

n
mb —mi g = [m 2 e e m 0y ()
t=1

We only need to know the initial value of steam production in
boilers m{® and all future predictions are random; however, not
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Fig. 3. Scatter plot of waste flow rate vs. steam production.
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Fig. 4. Observed steam production and random walk models.

absolutely random. This model has to be further modified to
correspond to nature of steam production. There are three impor-
tant findings about steam production.

First, the probability distribution is not identical all the time. The
data analysis showed that increments are normally distributed
thus: £ ~ N (u, ¢), where p is mean and ¢ is standard deviation. But
the mean value drifts according to the value of mi !, thus:
u=f(mi1). Standard deviation ¢ is almost constant no matter
what the u value is. So the random increment is given by
f(mic ") + &, where £~ N (u = 0, o). We call the term d* = f(mi; 1) a
drift. For values of steam production around usual values, the mean
value of increments distribution is zero. However, for values of
steam production above average and below average, the mean
value of increments distribution is approximately 1 and -1,
respectively. In other words, steam production tends to decrease
when already high. And vice versa, it tends to increase when
already low. Looking at Fig. 5 the increments in steam production
has mean value 1 for steam production around 100 t/h while it is —1
for steam production about 112 t/h.

However, analysing only the histogram of increments is insuf-
ficient for our needs. It does not consider the development of in-
crements over time. Further investigation revealed that if two
increments in a sequence are of the same sign (either positive or
negative) the following increment is the opposite sign in the vast
majority of observations. Furthermore, if an increment is large
(more than 4 t/h) then the following increment is reasonably, but
randomly, large with an opposite sign. So the actual increment is
multiplied by a random number from a uniform distribution w ~ U
(a, b), where 0, 5 < a, b < 1. This is also valid if the sum of two
increments with the same sign in a sequence is large. We have to
realize that we predict approximately 36 h, based on the last known
value before a plan is made. It may happen that the sequence of 36
random numbers is such that, for example, there are positive values
in a sequence so big that even the drifting mean does not balance
them. This was observed when testing the model with the drifting
mean only. However, the aforementioned rules take care of it. This
is demonstrated in Fig. 4; dotted line corresponds to steam pro-
duction using the model with drifting mean rule only and dashed

Fig. 5. Drifting probability distribution of increments in steam production.
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line corresponds to steam production using the model with all
mentioned rules. Looking at the dotted line, the peak between
hours 6 and 11 does not follow the nature of the real steam pro-
duction (solid line) while dashed line has no significant peak and
the nature is very similar to the real steam consumption. The al-
gorithm for calculating steam production in the following time step
(1 h) is shown in Fig. 6.

Steam production calculated using the algorithm has the same
nature as the steam production from operational data. These are
not general rules and may differ from facility to facility. However,
steam production in another WtE plant analysed has a very similar
nature and, therefore, we believe that the principle of the presented
approach is applicable for many other WtE plants.

2.4. Live steam extraction models

There are three steam extractions before steam enters the steam
turbine: steam for boilers blow-off, steam to the deaerator and
steam for an external consumer.

Steam for the external consumer my; o (see Fig. 1) is a very
important parameter due to the high flow rate which fluctuates
between 5 t/h to 12 t/h. This consumption is considered to be un-
predictable from the operator's point of view. After a comprehen-
sive analysis of the available data, steam consumption shows a
significant dependency on the ambient temperature Tgyp, an hour
in a day H and a day in a weak D (for example, production on a
Sunday night differs a lot from production on a Monday morning).
Here, we decided for ANN (Eq. (6)) as if we wanted to use a LR
model it would mean a model for every day and hour resulting in
168 individual models. In order to compare the ANN model accu-
racy and LR model accuracy, we made several of the 168 models
and found that their accuracy was more or less equal to ANN's
accuracy.

Mt ec =f(H,D, Tgmp) (6)

where f (H, D, Tymp) is MLP 32-3-1 sigmoid/identity. There are 32
inputs because categorical input is split up so each category be-
comes a 0/1 input. For example, if we calculate the my ¢ for hour
10, only the input corresponding to hour 10 is set at the value of 1
and the inputs corresponding to the other hours are set at the value
of 0. For hours, we have 24 inputs, for days we have 7 inputs and for
temperature we have 1 input (it is continuous).

Amgrl= mgrt —mg

t—2— t-2
Amst = Mg ™ — Mgt

yes
t-1
t Amg = Amgy max }
t _ t—-1 t-1
no Mg = Mg ™ — W (Amst
_ _ yes
[Amgt ! + Amst't 22 AWlst&,max
no t _ t—1 t—1 t-2
Mg = Mg~ —W* (Amst + Amg;

v
d = f(mg ")

|

t _ o t—1 ¢ t
Mg = Mg~ +d" + &g

Fig. 6. The algorithm for calculating steam production.

The boilers' blow-off (see myg;, po in Fig. 1) consumes a very small
amount of steam compared to the other extractions. The blow-off
steam flow rate myg; po is about 0.6 t/h on average with a standard
deviation of 0.2. Due to a small average and small deviations we
decided for a constant value without random fluctuation (Eq. (7)).
The fluctuations would almost not affect the CHP production and it
would only slow the computation down.

Mgt ho = 0.6 (7)

The steam flow rate to a deaerator my;, 44 is given by an enthalpy
balance of the deaerator where a close-to-boiling temperature
should be kept in order to eliminate the dissolved oxygen. A black-
box model was proposed in agreement with this principle and
considering the trade-off between accuracy and complexity. The
deaerator inlet and outlet streams are shown in Fig. 1. The inlet
streams are condensed steam (from the condensing stage of the
steam turbine and from the DHS heat exchanger), steam from
turbine extraction, live steam extraction to deaerator and make-up
(demineralized) water.

A very accurate model for mg; 44 calculation would lead to
increased complexity in the computations because an equation-
oriented approach or more complex iterative algorithm would be
needed to perform the simulation. Considering the application of
the model for MC simulations (thousands of simulation runs), we
want to avoid this.

To make the sequential simulation feasible we decided for a
model where the independent variables are steam production and
steam for the external consumer. In the sequence of computations,
these values are already known and their use corresponds to the
principle of the deaerator. Steam production ms; provides informa-
tion about the condensed steam flow rate. Steam for the external
consumer does not return back and therefore it provides information
about the make-up water flow rate. We do not consider my ex, sc
because it is calculated later in the sequence. This decreases the
model accuracy but a residual analysis of this model shows that the
mean absolute error is 0.4 t/h, which does not have a significant
impact on CHP production. The trade-off between accuracy and
complexity is therefore very good. Here, we decided for the LR (Eq.
(8)) model because the ANN model does not provide better accuracy.

Mgt da :f(msh mstﬁec)
= —2.5+0.1-mg — 0.003-m2 + 0.1 Mgt c (8)

2.5. Turbine house model

So far we have introduced the models which are needed to
calculate the steam flow rate to the turbine house. In this section, we
present models for units within the turbine house where CHP pro-
duction takes place. Heat and electricity production are strongly
related. A key unit of the CHP production is the condensing steam
turbine with one uncontrolled extraction. Besides the steam flow
rate at the turbine inlet mg; 1¢, the extraction steam flow rate mg, ex
significantly influences power and consequently electricity produc-
tion. In the sequential computation, we need to calculate the
extraction steam flow rate first and then we can calculate electricity
production. The calculation of the extraction steam flow rate is not
straightforward due to the uncontrolled extraction (a variable outlet
pressure and thus variable enthalpy). The approach is presented in
the following section.

2.5.1. The heat production model
Extraction steam (see in Fig. 1) is used for pre-heating feed
water (self-consumption) and for DHS. We denote the steam flow
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rate for self-consumption and for DHS my, ex, sc, and Mg ex, DHS,
respectively. The extraction steam flow rate is thus given by Eq. (9).

Mgt ex = Mst ex,sc + Mst ex, DHS 9)

First, we introduce a model for calculating mg; ex, sc. In the sec-
tion on the model for steam to the deaerator, we mentioned that
this steam also contributes to the feed water's temperature in-
crease. As a follow-up to this model, we may expect my;, ex, sc to be
dependent on steam production, steam extraction for the external
consumer, and steam to the deaerator. We deployed the ANN model
(Eq. (10)) due to its significantly better accuracy in this case.

Mgt ex,sc = f(msh Mgt dq, mst,ec) (10)

where f (mgt, Mst, da, Mst, ec) is MLP 3-5-1 sigmoid/sigmoid. Now, we
shall deal with a model for calculating ms, ¢x, prs. Heat for DHS,
Qppys, is known from the heat delivery contract. We may calculate
Mg ex, pHs fTom an energy balance equation (we know that the
condensed steam temperature after the DHS exchanger is 70 °C),
see Eq. (11).

QpHs

11
hstex — hst 7—70-C) ()

Mgt ex,sc = (

The problem here is the specific enthalpy of the extraction
steam, hg;, ex, Which is dependent on the extraction pressure, pst, ex,
and temperature, T (x. A regression analysis showed that both are
dependent on my; 1¢ and my ex (EQ. (12) and Eq. (13)).

Dst ex :f(mst,TG Mt ex)

= —90.5+45.6-mg ¢ — 3-Mstex +0.01 'msztATG
+0.07-m2% o, — 0.08 Mg 16 Mgt ex (12)

Tst ex :f(mst,TG> mst,ex) =142.2 + 0.4 -mg 76 — 1.1 Myt ex (13)

The value of my; ¢ is calculated using Eq. (14).

Mg 16 = Mst — Mst.ex,sc — Mstec — Mt ho — Mst,da (14)

But to calculate my, .x we need the specific enthalpy of the
extraction steam, hg: o, given by energy balance (Eq. (11)). The
enthalpy is given by steam tables using pressure and temperature,
which need my, x as the input of the calculation. Therefore, we
need an iterative algorithm to avoid an equation-oriented
approach. With a good initial point, the simple fixed-point algo-
rithm finds the solution in a few iterations (see Fig. 7).

We cannot forget the turbine by-pass. In a real-life operation,
the by-pass is mostly used to decrease the amount of steam to the
steam turbine when the electricity production/delivery is signifi-
cantly higher than the planned electricity production/delivery
(otherwise there are penalties). This means that the energy in the
by-passed steam is used directly for heating. The other reason why
a by-pass is used is to keep the steam temperature at higher values
in the DHS exchanger. This happens occasionally. The use of a by-
pass to decrease electricity production/delivery is not desirable
because we want to utilize all of the steam for CHP production.
Therefore, we focus on the steam temperature in DHS exchanger
problem only.

Using the aforementioned iterative algorithm we calculate the
temperature of the steam in extraction Ty, . If the temperature is
lower than required temperature Tp;;, we have to calculate the
steam flow rate of by-passed steam my, p, to achieve the required
temperature. However, this flow-rate should be minimal to provide
maximum steam for CHP production. This leads to a nonlinear

Myt 76, Qanss Mst,ex,sc Calcualtion inputs
Mgt e = initial estimation

Mgt exaux = 0

|

[ abs(mst,ex - mst,ex,aux) <e }

no

Mstex,aux = Mst,ex

Pstex = f(msL,TG:msL,ex) black-box

Tstex = f(msL,TG'msL,ex) black-box

hstex = f(psL,ex , TsL,ex) steam tables

Mstex = QDHS/(hsl,ex - h.ct,T:m“c) + Mt ex,sc

Fixed-point algorihm

Mstex

no min Mg by
Tstex = Trmin > St Tseex+bp = Tinin
(Rst.exsbp = hstextbpr=r0°c) (Mst.ex,pns + Mstop) = Qous
yes
l Mgt expus 1S the result of the optimization

Myt ex = Qpas/ (Astex — Mstexr=70°¢ ) + Mstexsc M ex = Mst,ex,pHs + Mstex,sc

Fig. 7. The algorithm for calculating the extraction steam flow rate.

optimization problem. Luckily, it is not a large problem (only two
decision variables — the extraction steam flow rate for DHS, mg;, ¢x,
pHs, and by-passed steam flow rate mg, pp) S0 it is not so difficult to
find good initial value of the decision variables and the solution
time is very short. Moreover, the by-pass use is needed only if
steam production is very low and extractions before the turbine
house are high at the same time. Of course, it also depends on the
required temperature. For typical temperature values (115 °C in
summer up to 125 °C in winter), the use of the by-pass is needed
only occasionally. So in practice it has almost no effect on simula-
tion time.

For this optimization problem we need energy balance of mix-
ing extraction steam with by-passed steam to calculate the specific
enthalpy of this mixture, hs, ex + bp (EQ. (15), where hy is the specific
enthalpy of steam produced in the boilers).

Mt ex - Rt ex + Mgt pp -hst
Mgt ex + Mgt pp

hst,ex+bp = (1 5)

Using steam tables, the temperature of the mixture, Ts, ex + bp iS
given by the specific enthalpy hg, ex 4 bp and the extraction pressure
Dst. ex (by-passed steam pressure is reduced to the pressure of
extraction steam). Note that also Eq. (12) to Eq. (14) are also used in
the optimization, however Eq. (14) is modified (see Eq. (16)).

Mge 76 = Mst — Mt ex,sc — Mstec — Mgt ho — Mst.da — Mst bp (16)

The algorithm is summarized in Fig. 7.

2.5.2. The electricity production model

In this section we introduce a model for calculating electricity
production and export.

For electricity production Wrg, exp (not export), steam flow rate
to the turbine my, 1¢ and extraction steam flow rate my, ¢x are the
most important inputs. Respecting the operator's opinion, we also
included ambient temperature T,y which has impact on the con-
denser's performance and, therefore, on the outlet pressure at
turbine condensing stage. The ANN model provides significantly
better results (MAE is 0.1 MW lower) than LR so we apply the ANN
model (Eq. (17)).

Wrie = f(mse, Mst, ec, Tamp) (17)

where f (Mg, Mst, ec, Tamp) is MLP 3-4-1 hyperbolic tangents/identity.
Considering electricity export Wrg, exp, we have to think about
which variables may influence electricity self-consumption. Some
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of the electricity's consumption is related to steam flow rates
(mainly the pumps' consumption). In addition to this, there are a
number of boilers in operation (there are many electricity con-
sumers related to boilers, such as air fans, feeders, grate movers,
etc.). We also consider the time in the day since appliances used by
employees and electricity for lightning differs throughout the day.
We deployed the ANN model (Eq. (18)) to predict electricity export
for the same reason as in the case of the mg o model (a higher
number of categorical independent variables).

WriGexp = f(Wrg, , NB, H) (18)

where f (Wrg, NB, H) is MLP 28-4-1 sigmoid/identity.

We should note that we also tested the performance of a LR
model. We tested several of the 72 models for each combination of
hour and number of boilers (24 h and number of boilers in opera-
tion 2, 3, 4) and found that their accuracy was more or less equal to
the accuracy of the ANN model.

To summarize this section on model development, we made
sub-models from the different parts of the technology to predict
electricity export. Some of the sub-models are LR and some of them
ANN. We also need to use mass and energy balance equations. In
some models there are categorical independent variables, which
make the LR model development and implementation time-
consuming. Therefore, we decided on ANN for these models.
However, a quick test showed that if LR models are made for every
combination of categorical variables, then LR provides as good ac-
curacy as ANN. The models are summarized in Table 1. The
sequential simulation process is shown in Fig. 8.

3. Stochastic simulation

Having the stochastic model of the WtE plant, we can introduce
the concept of MC simulation.

The simulation procedure is described in Fig. 9. There are usually
thousands of simulation runs; each run is with different randomly
generated numbers. The result is a sequence of numbers which
have to be statistically processed.

The model of the CHP production was implemented in MS Excel.
The optimization problem described within the section on heat
production model can be handled by Solver add-in. The CPU time to
perform MC simulation with 1000 simulation runs and to process
the results was 15 s on an Intel i5 (2.8 GHz).

The simulation results are processed with respect to the nature
of heat and electricity delivery contracts and possibilities of oper-
ation control.

The results of MC simulation give us information about proba-
bility distribution of electricity delivery. As described later in sec-
tion Application and analysis of benefits, the operator prefers

Table 1

A summary of sub-systems models.
Sub-model Model type Function MAE MRAE
Mgt RW see Fig. 6 — —
Mgt, bo Const. — — —
Mg, da LR F (mst- My, ec) 0.4 0.09
Mt ec ANN F(H,D, Tamp) 0.86 0.12
M, ex - see Fig. 7 - —
Dst, ex LR F (ms[, TG» M, ex) 118 0.01
Tst. ex LR F (mst. TG» Mst, ex) 1.6 0.01
Rt ex — steam tables — —
Mt ex, DHS — energy balance — —
Mgy, ex, sc ANN F (mstv My, ec, M, da) 0.35 0.16
Wre ANN F (Mg, Mst, ec, Tamb) 0.03 0.01
WrG, exp ANN F (Wrg, NB, H) 0.07 0.03

underestimating of electricity delivery because decreasing of de-
livery in subsequent operation is more convenient than increasing.
Energy excess than usually occurs. With respect to this and using
the probability distribution, we are able to quantify the probability
of electricity delivery being equal or higher than a given value.
Clearly, we are also able to find electricity delivery which is for
given probability.

We assume that the lowest simulated electricity delivery from
MC simulation can be achieved in a subsequent operation with a
confidence of 100% (every other value is higher and therefore only
decreasing in subsequent operation is possible); the highest
simulated electricity delivery with almost 0% (1/number of simu-
lation runs). The operator can choose a risk of not meeting the plan.

Therefore, we introduce a parameter called PC (plan confidence)
to provide the operator with the ability to take current circum-
stances into consideration. This parameter is expressed as a per-
centage. The electricity delivery value corresponds to quantile
q1 — PA/100-

When the plant performance is stable the median (or mean in
the case of normal distribution) value is a good choice which cor-
responds to PC = 50%. But we should consider other options for
different situations.

Imagining the following situation, there is a problem with steam
production in one of the boilers. Its performance is unstable and it
is difficult to estimate its behaviour for next day. The operator
wants to be on the safe side and chooses (according to how sig-
nificant the instability is) PC higher than 50%.

On the other hand, it may happen that the boiler is expected to
increase its performance rapidly next day and the operator chooses
PC lower than 50%.

Fig. 10 shows three examples:

e Case 1: PC = 50%; we expect normal steam production,

e Case 2: PC = 75%; we expect troubles in steam production or we
want to be certainly on the safe side,

e Case 3: PC = 40%; we expect unusual or rapid increase in steam
production.

4. Application and analysis of benefits

The simulation tool was tested against real-life operational data
and operator's planning strategy. To be able to evaluate the accu-
racy of predictions and benefits of application, we have to expand
the operational data with extra information.

The operator plans heat and electricity delivery for next day. As
mentioned, the current planning strategy is driven by heat and
electricity delivery contracts — high penalty, resp. low penalty,
when electricity delivery plan, resp. heat delivery plan, is not met
(more precisely, if it is not within a feasible range with respect to
planned value). Recalling Fig. 2, in real-life operation an energy
shortage is the worst situation (expensive energy from natural gas
is then needed) and the operator wants to avoid it at all costs. The
operator estimates electricity delivery from previous operational
data — for given heat delivery (Qpys) estimates electricity delivery
using a scatter plot in Fig. 11. Clearly, the estimation of electricity
delivery is burden with conservative planning. The value of 3 MW
corresponds to a wide range of heat delivery (from 24 to 34 MW).
Looking at the scatter plot from a different point of view, we have a
wide range of electricity delivery (from 3 to 5 MW) for heat delivery
of 25 MW. The planning is very rough and there is a potential for
improvement by using the presented model.

To be on the safe side, the operator often underestimates elec-
tricity delivery (obviously the vast majority of points is at 3 MW no
matter how high heat delivery is). This ensures that there will be
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enough energy and no penalties will occur. On the other hand this
always leads to the situation that there is energy excess for elec-
tricity production in real-life operation. The operator then uses
turbine by-pass (msg;, pp — by-passed steam flow rate, see Fig. 1) to
decrease electricity production/delivery. Consequently, there is
increased heat production/delivery which means penalties. How-
ever it is accepted because it is more profitable than energy
wasting.

The purpose of the simulation tool is to provide more accurate
estimation of electricity delivery in order to minimize by-pass
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Fig. 10. Examples of plan confidence.

utilization and further to provide information about probability of
meeting such estimation. To test the simulation tool accuracy we
therefore need the electricity delivery which corresponds to a zero
by-passed steam flow rate for each data point (if not needed to
increase the temperature in extraction). We denote it as WTQG, exp*
Since the by-pass is used most of the time, we do not find it in
operational data and so we have to calculate this value using the
model of the turbine. The steam flow rate to the turbine house is
measured and thus available from operational data. As was proven
by the goodness of fit analysis (see Table 1), the model of the tur-
bine is very accurate and we assume that the difference between
real operation and calculated operation would not be significant.
Moreover, this is the only approach how to test the model unless
operational data without by-passed steam are provided.

The objective of the test is to compare the simulation based plan
with the current method of planning regarding the overall
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Fig. 11. Current planning strategy in the waste to energy plant.
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efficiency of the combined cycle and financial effect. We also tested
the success rate of the simulation based planning. PC was set at 50%
as there were no reasons to expect unusual operation.

Figs. 12 and 13 show a comparison of a selected day 03/11/2013,
which is a typical example of a cold winter day. The operators ex-
pected a stable electricity output of 4.5 MW during the whole day
(this corresponds to the feasible region bounded by dashed lines in
Fig.12) and a heat dispatch of 23 MW, reps. 19.6, MW between 7am
and 6pm (dotted line in Fig. 13). The operator's plan is conservative
and underestimates electricity delivery in order to avoid penalties.
This results in higher heat delivery than planned. The steam turbine
was by-passed to keep electricity delivery lower and the energy in
the by-passed steam was used for heating.

As far as the simulation-based plan is concerned (the feasible
region bounded by solid lines in Fig. 12), possible electricity,
wo. expr 18 Mostly within the feasible deviation. It was successful in
19 cases from 24 (the dots within the region bounded by solid
lines), which corresponds to 79%. This results in keeping heat de-
livery according to the plan as the deviation from the plan was only
4% (daily sums). The improvement in keeping heat delivery ac-
cording to the plan is clear from Fig. 13. The dashed line shows
much higher heat delivery compared to the plan (dotted line) due
to underestimated electricity delivery by the operator while the
solid line shows only few deviations from the plan due to better
electricity delivery plan by the simulation tool.

To confirm the benefits of the simulation-based planning over a
long-term period, we chose 10 days from the first half of 2014 (the
most recent available data not used for modelling) and performed
the comparison in terms of Figs. 12 and 13. Fig. 14a) shows the
average percentage of possible electricity within a feasible devia-
tion. The low rate for the operator is given by conservative plan-
ning. Then Fig. 14b) shows the expected result: higher deviation
from the plan due to by-passing the steam turbine.

We also compared the effect on efficiency. We apply net thermal
efficiency given by Eq. (19) [15].

g = WTG‘exp
th —
Qs¢.76+bp — QoHs

Since we do not know the energy content of the waste, we use
energy content in the steam before the turbine by-pass Qs 16.4pp-
The comparison is shown in Fig. 14c). Following the previous re-
sults, simulation-based planning provides better net thermal
efficiency.

If the by-passed steam was used for CHP production, it would
bring about 130 EUR per day extra on average. This value is ob-
tained from the potential of by-passed steam utilization for CHP
production. If the amount of steam corresponding to the amount of
by-passed steam was utilized in the first stage of the turbine (before
extraction) and then extracted for heat production we would get
increase in electricity by the first stage but, at the same time, lower
heat production compared to the case where by-passed steam is
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used for heating directly. Therefore extraction steam flow rate
would have to be increased a little to achieve the same heat pro-
duction. This would mean slight decrease of flow rate to the second
(condensing) stage of the turbine and therefore slight electricity
production decrease by this stage. If this amount of electricity is
subtracted from the electricity produced by the first stage we get
extra amount of electricity due to CHP production. Multiplying by
electricity price we get the increase in revenue. Penalties are not
included since electricity penalty is always avoided and heat pen-
alty is negligible. Furthermore, this simulation tool could be used to
analyse in what range electricity export fluctuates with a certain
probability (for example, with a probability of 90%) and so the
operator can be almost sure to be within this range. An analysis of
operational data in this sense could provide the operator with
crucial information for negotiating the tolerance interval in a
contract.

5. Conclusion

This research presents how a stochastic simulation based tool
improves CHP production planning in WtE plants on a short-term
basis. It is a challenging task due to some uncertainties. One
typical uncertainty is presented in the boilers performance, which
is caused by the heterogonous composition of waste, although
there may be other plant-specific uncertainties. The uncertainties
can be handled by stochastic models and these models further used
for stochastic simulation or optimization tailored to the specific
circumstances of CHP production in a WtE plant.

This approach was applied to an existing WtE plant. We pre-
sented a stochastic data-driven model of a CHP production to
predict electricity delivery with a given heat delivery for the next
day. Data analysis has shown that the boilers' performance (steam
production) is very uncertain and a regression-type model is not
suitable. Therefore, we decided for the random walk model with
some additional rules to make the results’ nature similar to the real
boilers' performance. Other models used were either ANN or LR
with a stochastic part (i.e. a random number from a distribution of
model residuals).

This model was further used for Monte-Carlo simulation. The
results were processed with respect to the specific circumstances of
CHP production in the WtE plant. The testing of the stochastic
simulation-based planning against the current planning strategy
showed an improvement on the plan's accuracy as well as in net
thermal efficiency and potential revenue.

We tested the simulation tool for10 days using operational data.
The estimation of electricity delivery by the simulation tool was
successful in nearly 65% of observations. On the other hand the
current planning strategy succeeded only in 20% of observations.
Better electricity delivery estimations leaded to better results in
heat delivery; the deviation from the plan was only 5% in average.
In case of current planning strategy the deviation was about 25%.
Net thermal efficiency was also significantly improved; current
planning strategy provides 13.2% and the simulation tool based
planning provides 16%. The improved planning has a positive effect
on revenue as well. The average increase in daily revenue is 130
EUR. It could be 47,450 EUR annually.

Future work will consist in investigating conditions of planning
in other WtE plants in order to develop a tool applicable for CHP
planning under various conditions. Further, the tool will be modi-
fied into a tool for analysis of operational data in order to provide
the operator with crucial information for negotiation about con-
ditions in a contract regarding feasible range (not penalized).
Applying stochastic approach it is possible to estimate a feasible
range in which electricity delivery fluctuates with a given, very
high, probability.
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Abstract This paper analyses factors affecting the
production of greenhouse gases from the treatment of
residual municipal waste. The analysis is conducted so that
the environmentally-friendly decision-making criteria may
be later implemented into an optimisation task, which
allocates waste treatment capacities. A simplified method
of life cycle assessment is applied to describe environ-
mental impact of the allocation. Global warming potential
(GWP) is employed as a unit to quantify greenhouse gases
(GHG) emissions. The objective is to identify the
environmental burdens and credits measured by GWP for
the three fundamental methods for treatment of residual
waste unsuitable for material recovery. The three methods
are waste-to-energy (WTE), landfilling and mechanical-
biological treatment (MBT) with subsequent utilization of
refuse-derived fuel. The composition of the waste itself
and content of fossil-derived carbon and biogenic carbon
are important parameters to identify amounts of GHG. In
case of WTE, subsequent use of the energy, e.g., in district
heating systems in case of heat, is another important
parameter to be considered. GWP function dependant on
WTE capacity is introduced. The conclusion of this paper
provides an assessment of the potential benefits of the
results in optimisation tasks for the planning of overall
strategy in waste management.

Keywords waste management, greenhouse gases, global
warming potential, allocation planning, waste-to-energy

1 Introduction

The current emphasis in waste management (WM) is on
revamping of the WM infrastructure. The whole system is

Received March 1, 2018; accepted June 25, 2018

E-mail: martin.pavlas@vutbr.cz

designed in compliance with the waste treatment hierarchy.
In addition to the economic aspects, environmental criteria
also play a crucial role. This paper deals with the
environmental issues in the form of greenhouse gases
(GHG) emissions. Particular attention in this paper is paid
to the residual (RES) municipal solid waste (MSW) that is
not suitable for subsequent material recovery, and
technologies for its treatment. This type of waste is
produced by municipal residents and public institutions
and since it has a low potential for material recovery, it is
preferably used for energy recovery (waste-to-energy,
WTE). Other methods for elimination of RES are a
landfilling and mechanical-biological treatment (MBT).
Analysis of the waste treatment methods is conducted so
that the results may be integrated into a complex
optimisation work, generally designated as the sustainable
supply chain management (SCM) [1]. In case of applica-
tion on the waste management, it is called “reverse
logistics problem” (for current research challenges in this
field, see [2]), where the developed network usually has a
convergent structure and waste produced in many locations
is concentrated into nodes for further treatment. The aim of
the strategic decisions is to evaluate candidate locations,
their optimum allocation, sizing of the processing
capacities and design of the relevant infrastructure. This
type of optimisation task may be called the “allocation of
capacities”. In case of SCM, the final decision should be
based not only on economic factors but also on sustain-
ability pillars which include environmental and social
aspects.

1.1 Allocation planning within reverse logistics problems

An extensive research was done by Barbosa-Povoa et al.
[1] discusses ways of addressing the issue of allocation
planning in SCM. The research summarizes more than
200 papers published in the recent years which were
categorized by various criteria, such as level of the
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decision-making process, sustainability pillars that were
included, methods of the research used, and so on. First, a
detailed analysis of papers was made; these papers may be
classified as reverse logistic problems made to facilitate
strategic decision making in the area of waste manage-
ment. Categorization done by Barbosa-Pdvoa et al. [1]
stipulates that every SCM in waste management (WM)
intrinsically deals with both economic and environmental
aspects. This notion complies with the idea that waste
treatment has become a worldwide environmental pro-
blem. However, regarding the modeling task, this may be a
mono-objective optimisation where only the economic
elements enter the objective function. Therefore, a much
more thorough analysis of ways to implement the
particular economic and environmental pillars is necessary.

Two rather short research studies in WM [2] and [3]
have been published lately. Ghiani et al. [3] note, among
others, that economy of scale is commonly applied in
reverse logistics problems. As an example, let’s refer to [4]
where the authors define a so-called gate-fee function,
which is a dependence of net processing costs (income
from energy delivery and other product sale are included)
on the capacity of the WTE units (for example see Fig. 1
(a)). This curve reflects changes in the economy for various
WTE capacities and it also represents a specific input for
each of candidate locations. Incomes and costs related to
WTE operation were comprehensively analyzed in [5] or
[6], for example. The curve also addresses drop in income
from heat supply to district heating systems. This is
demonstrated in Fig. 1(b) for particular district heating
system in the Czech Republic. Whereas annual heat
delivery from WTE increases with rising capacity compare
areas under supply curves of capacity 100 and 200
kt-year in Fig. 1(b), specific heat delivery per ton of
waste is decreased due to missing demand in summer
months. The importance of heat delivery through the year
on WTE plant performance was studied in details in [7]. As
for the WTE units, the main parameters affecting the gate-

fee are first, amount and composition of the waste and
second, the potential to export the produced energy in the
form of power and heat. These parameters depend on the
allocation of the plant and local conditions [8]. A similar
profile may be designed for every candidate location. The
pre-processing phase, which is done before the calculation
of the allocation task itself, is very important. For this
article, a locality with heat demand from Fig. 1(b) is used
as a reference one.

Considering environmental pillars of SCM, the question
remains whether or not the CO, emissions would behave
analogically, that is nonlinearly. The question then is to
what detail and how the nonlinear dependence of
environmental impact on the capacity is implemented
today. Garcia and You [9] comment on an interesting paper
which brings together economic and environmental
factors. Nonlinear relation between the capacity of a unit
for production of biofuels from biomass and treatment
costs is tackled using a linear approximation. However, in
case of emissions, only constant unit production of GHG
for a random capacity is presumed. In their paper, Neto
et al. [10] addressed two key questions for a multi-
objective problem: How to spot the preferred solution(s)
when balancing environmental and business concerns?
And how to improve our understanding of the trade-offs
between these two dimensions? The ideal solution to these
problems is to transform all criteria into one identical
unit. In case of GHG emissions, this solution is available
thanks to the emission allowances market and this paper
will further explain the mechanism of this solution.
Transformation of the economic and environmental factors
into a single unit was done by e.g., Harijani [11] who
compared these two factors using environmental costs that
were defined in [12]. Whereas aforementioned paper
focused on global CO,, paper [13] introduces an idea
how environmental impacts could be addressed when
siting waste treatment facilities using reverse logistic
models.

Fig. 1 (a) Example of a “Gate-fee curve” as an important input for state-of-the art reverse logistics problem in WM (modified after [4])
and (b) heat demand/supply for particular location and WTE capacities
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The research part of the paper is based on [1] and is
further elaborated on using other papers published in 2017.
A study by Cristobal et al. [14] is also worth discussing.
This paper addresses the situation in which a decision-
maker has to design a food waste prevention program, with
limited financial resources, in order to achieve the highest
total environmental impact prevention along the whole
food life cycle. A methodology using life cycle assessment
(LCA) and mathematical programing is proposed, and its
potential is shown in a case study. A paper by Asefi and
Lim [15] is also worth mentioning. This study aims to
satisfy the sustainability requirements for designing an
integrated solid WM system by taking economic, environ-
mental and social factors into account. The multi-objective
function was transformed using secondary limitations (that
is the e-constraint). The proposed model according to [16]
addresses the economic, environmental, and social per-
spectives for municipal solid waste management. Their
model combines economic, environmental and social
viewpoints simultaneously by minimizing the total cost,
the GHG emission, and the resulting visual pollution.

All of the papers discussed above work with a linear
relationship between the waste amount and emission
production. Sometimes, this relationship is called the
emission factor. The previosuly analyzed papers work with
a constant emission production per t of treated waste here.
The nonlinear relationship between capacity and emission
production is not taken into consideration. Barbosa-P6voa
et al. [1] note that carbon footprint and its derivatives
(GHG, global warming potential (GWP), CO,) represent
the most common environmental criteria used in SCM
applications. A similar conclusion may also be drawn from
an extensive study on footprints, presented in [17]. This
approach complies with the worldwide effort to reduce
amounts of these substances in the atmosphere. GWP is
standardized using carbon dioxide emissions and is defined
as a unit in kilograms of carbon dioxide equivalents (GWP
of 1 kg of CO, equals 1 kg of CO,¢q) [18]. GWP defines a
relative amount of heat trapped by emissions of 1 ton of a
particular gas over a given period of time in contrast to heat
trapped by 1 ton of CO,. Other GHGs are calculated as
multiplications of the basic unit.

GWP is one of the impact categories in the recognized
and standardized LCA method. This paper will evaluate
how adequate it is to use GWP in SCM for the conclusions
of the LCA studies which were made on WM without
considering SCM.

1.2 LCA as supportive tool to designing of WM

LCA is nowadays a common tool developed for assess-
ment of environmental factors of a particular product or
process in all stages of its life [19]. Each LCA study must
comply with methods defined in ISO 14040:2006 [20].
Application of LCA in WM is very popular and also
common. Many papers and studies have been published

recently which either apply or assess the application of
LCA in WM. Cleary et al. [21] writes about a comparative
analysis of 20 LCA studies regarding WM from 2002 to
2008. The studies are evaluated based on several criteria:
area and scope of the study, objective of the study,
functional unit, inclusion of transport (studies usually did
not include the waste transport due to its insignificance for
the waste treatment plant as a whole) and life cycle impact
assessment methods (LCIA), environmental categories
(GWP being the most common one). Laurent et al. in [22]
and [23] presents a similar, yet more extensive list of
studies on LCA in WM with identical conclusions.
Regarding the application of LCA for evaluation of
WTE, Astrup et al. [24] made a comparison of recently
published case studies. Most of the studies on the issue of
LCA in WM do not present an optimisation task but they
rather compare final environmental impacts for one
particular capacity and location, or they present a limited
number of static scenarios which are later compared. LCA
studies assess the impact of waste composition or compare
various methods of MSW or RES treatment. The functional
unit is mostly defined as one ton of processed waste.
Individual studies then work with waste treatment plant’s
parameters related to a ton of waste (production of power
and heat, emissions of pollutants, etc.) and fail to include
the dependence of these parameters on the location of the
waste treatment plant or its capacity (see Fig. 1). The
previously discussed review studies lead to a conclusion
that LCA in MSW is performed in order to: (1) Compare
one type of waste treatment for various compositions of
input MSW. (2) Compare various types of waste treatment
with identical MSW composition. (3) Compare various
types of waste treatment with one waste component (paper,
plastic, wood, bio, etc.). (4) Compare various categories of
environmental impacts.

Lausselet et al. [25] and Finnveden et al. [26] present
LCA analyses for one type of waste treatment with varying
waste compositions. Conclusions of these studies make it
clear that the waste composition is one of the key
parameters affecting the amount of produced GHG.
Other studies analyzing the impact of waste composition
on emissions include [27] where LCA method is used to
compare results of the predicted environmental impact of
WTE plant that was being newly designed with an actual
impact of the plant later calculated thanks to real data from
the constructed plant. Schwarzbdck et al. [28] verifies the
impact of the waste composition on GHG production and
evaluates the amount of GHG emissions from Austrian
incinerators using balance method. Other uses of LCA in
WM include a comparison of results for various treatments
of waste that has a given unified composition. Arafat et al.
address this topic in his study [29]; he disintegrates the
waste onto particular components (paper, plastic, glass,
etc.) and defines LCA for the waste treatment in various
treatment facilities. Other studies on LCA for treatment of
unified mixed municipal waste (RES) include [30] and
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[31]. Results of their studies validate the use of three
technologies for the treatment of mixed municipal waste:
landfilling, WTE and MBT. Analyses not directly
concerning MSW arrive at similar results. Some of these
analyses are [32] where biowaste treatment is focused on,
and [33], where is research was run on the topic of hospital
waste treatment using co-incineration with MSW. Conclu-
sions of these analyses highlight importance of the energy
export (heat or power) and its impact on LCA results.
Energy export is represented in this task as a local
disposition of the district heating (DH) network and thus
also as the heat supply potential.

There are various categories of environmental burdens
in LCA. Most discussed categories include: GWP, human
toxicity potential (HTP), acidification potential (AP),
ozone depletion potential (ODP), photo-oxidant compound
production (POCP), and others [20]. This paper works with
GWP that is the amount of released GHG, as the relevant
category. The previously mentioned studies [33] and
Jensen et al. [32] agree that GWP is the most significant
environmental category. Other analyses on a comparison
of environmental categories are, for example [34], and
[35]. Results of these analyses accentuate that GWP is the
most significant environmental indicator for units proces-
sing MSW. These statements are further confirmed by Jia
et al. [36] who compares LCA for calculation of GWP for
MSW treatment with a method of Carbon Emission Pinch
Analysis. Genovese et al. [37] further define environmental
categories for general supply chains. Both studies accent-
uate GWP as the most important environmental category.
As for example Mumford et al. [38] and De Guido et al.
[39] prove the reducing of CO, emissions is in forefront of
interest even in the energy sector. The substitution of fossil
fuels with RES is then an interesting opportunity.

Research proves that GWP category is suitable for the
description of the environmental impact of RES treatment
(that is waste suitable for thermal treatment) using LCA.
The composition of the waste and type of energy export are
the key parameters affecting the whole production of
GHG. These parameters depend on the allocation of the
treatment plant, which is the output of the SCM,;
integration of these aspects in SCM is a research challenge
that has not been addressed so far. As much as these
aspects form nonlinear dependence for the economic pillar
(Fig. 1), an analogical nonlinear dependence may be
anticipated for the environmental pillar. Following facts
apply for current SCM: (1) SCM implements simplified
methods of environmental burden assessment (GWP, for
example). Use of GWP is fully justified, which has been
declared by comprehensive LCA studies. (2) Benefits of
LCA include exact delimitation of the system that is being
assessed. In case of SCM application, delimitation of the
system has not been fully understood and results are hard
to interpret or even compare. (3) Application of SCM,
based on the authors’ experience and studies mentioned in
this paper, disregards changing environmental burdens and

has not been considered nonlinear dependence, which is a
serious simplification. Disregard of the nonlinear nature
should not be a default setting and the simplification must
always be validated first.

On the other hand, various complex LCA studies in WM
were published which covered a large spectrum of
indicators and RES processing technologies. These studies
show: (1) GWP is a major indicator for assessment of WTE
technologies. (2) The analysis is conducted for one given
location and capacity, which means that scenarios with
varying capacity are later compared. (3) There is also
LCAO (Life Cycle Assessment Optimisation) where
capacity is optimised for a given location using the
multi-objective optimisation. For example, Gerber et al.
[40] present a systematic methodology for sustainable
process systems design, combining the principles of
industrial ecology, process design and process integration,
LCA and multi-objective optimisation. The methodology
can be used to design eco-industrial parks or urban
systems. However, the methodology provides no concept-
based solution to large-scale regions where there is an
interaction between the regions and transport, and waste
availability must be addressed.

1.3 Scientific contribution of the paper

Study of the previosuly discussed papers showed a
research gap in absence of a method for complex
optimisation that would combine economic and environ-
mental pillars dependent on processing capacity. Current
models work with a linear relationship between the amount
of waste and unit’s production of GHG emissions. The
nonlinear relationship between capacity and emission
production is not taken into consideration.

The aim of this paper is to summarize recommendations
and requirements for implementation of GWP into reverse
logistics problem that optimises a network of RES
treatment plants. A research study of various publications
was done in section 2.1, 2.2 and 2.3 and the aim was to
create a comprehensive set of data for three scenarios of
RES treatment methods. Description of environmental
impact assessment is done using the so-called GWP
parameter. Calculation using the LCA standards will be
conducted for model case studies in order to assess all key
factors affecting the final GWP. Model examples are
applied on the Czech Republic. In addition to direct
environmental impacts (that is, the burdens), the optimisa-
tion task will include secondary effects of substituting the
primary raw materials and fossil fuels (that is, the credits).
The paper gives a detailed analysis of input data, a brief
characteristic of the waste treatment plants, such as direct
energy recovery, landfilling with/without collection and
use of landfill gases (since landfilling is still common in
many countries), mechanical-biological treatment of RES
accompanied by production of refuse-derived fuels with
their subsequent use, and description of the relevant
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methods. There has been no detailed analysis of this kind
so far and it may be a valuable source of information for
the subsequent development of reverse logistics tasks.

Local factors have to be taken into account as well as the
impact of the processing capacity on GWP of the particular
treatment plants, units and operations which are shaped by
concrete conditions at relevant locations (these are
parameters of current heat and power sources and potential
of integration of the new treatment plant). Definition of the
parameter and its dependence on plant’s capacity is given
further in the paper.

The conclusion of the paper will summarize the results
and present recommendations and methods for implemen-
tation of nonlinear dependence into optimisation tools.

2 Materials and methods

Each LCA study has to follow methods prescribed in ISO
14040:2006 [20]. Based on this standard, LCA is divided
into four basic phases: definition of the goal and scope of
the LCA, the life cycle inventory analysis phase, the life
cycle impact assessment (LCIA) phase, and the life cycle
interpretation phase. The first phase of defining the goal
and scope of the LCA says for what purpose the results of
LCA will be used, what the scope of the LCA is and which
functional unit is to be used as a reference unit. Results of
LCA then help evaluate the environmental impact of
particular MSW treatment methods. A simplified version
of the LCA method is employed in this paper for particular
MSW treatment types: only inputs and outputs of the waste
treatment process are considered. Since MSW may be
treated using the three treatment methods (WTE, landfill,
MBT), as discussed above, prior production or use of the
products that comprise the waste has no impact on a
comparison of the ecological footprint of the particular
processes. One ton of waste is the functional unit. The
second phase is the so-called inventory analysis phase,
which is a neutral collection of inputs and outputs of the
assessed system. Here, the inventory is the inputs and
outputs for three basic waste treatment methods presented
above. The inventory analysis is presented in detail in
Electronic Supplementary Material (ESM).

System boundaries have been selected according to the
aim of the paper, which is data and locality-dependent
functions provision prior to complex optimisation by the
reverse logistic model (see section 1.1). The following
processes are to be considered: (1) The specific waste
treatment process itself (see below), including the further
treatment of intermediates to be disposed of including all
linked material and energy, flows related to the need for
materials and supplies. Intermediates, which are further
utilized in technologies allocated with reverse logistic
problems, have no contribution to burdens and credits. (2)
Additional benefits, e.g., energy, secondary metals or slag,
results from the disposal processes. Corresponding

amounts of energy or products/materials do not need to
be produced in a conventional way from primary
processes. The environmental impacts that would be
associated with the conventional manufacturing/ produc-
tion each substituted primary raw material, are “saved” or
“avoided”.

The provision and maintenance of infrastructure (con-
struction, service and repair of buildings, machine,
industrial facilities, transport means and traffic routes)
are not considered, as they are not expected to have a
decisive influence.

Authors developed a computational model in MS Excel
for all three methods, and basic input and output
parameters were identified. These models have been
already used in calculations conducted by NERUDA [4].
Definition of LCA for a WTE plant was later expanded
with the monoblock, a unit designed for thermal treatment
of solid alternative fuels from waste (RDF). RDF or the
refuse-derived fuel is a separated fraction from MBT unit
with a significant calorific value that has been sorted out of
input RES, see the section 2.3. The third phase of LCA is
focused on assessment of the potential environmental
impact. First, elements in the inventory are assigned to
relevant environmental areas based on the selected method.
Assessment methods are then divided into the so-called
categories which describe one environmental impact. The
study described in this paper used a simplified LCA and a
category of GWP and kg of CO,., was taken as the unit.
Calculation of ecological burden using GWP is divided
into two parts: (1) Environmental burden: production of
GHG and release of their emissions into the air. (2)
Environmental credit: decrease in global production of
GHG thanks to the replacement of fossil fuels and primary
raw materials.

2.1 WTE

There are several arrangements of WTE technologies as
reviewed in [41]. However, grate combustors belong to
proven and robust technologies used in most applications
today. A comprehensive description of principles govern-
ing a WTE plant was presented by Stehlik in [42]. Even
though an extensive environmental assessment of WTE
technologies is often done (see [25]), only the subsystems
and their parameters having a direct effect on GWP are
highlighted in this paper. Concepts underlying WTE plants
are basically identical. Incinerators consist of a thermal
treatment section, heat recovery section and a flue gas
cleaning system. Figure 2 illustrates basic energy inputs
and outputs in a WTE plant. Typical energy balances of
WTE facilities for cases with maximum electricity
production and heat-power coupling can be found in
[43]. These inputs are the most important elements in terms
of GWP definition, as explained further in the paper. The
plant is usually consisting of a waste bunker, a section for
treatment and preparation of the waste and processing of
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Fig. 2 Simplified diagram of main energy inputs and outputs in WTE plant

the solid and liquid products of the incineration process
[42]. Best available techniques, recommendations and
requirements imposed on WTE plants are listed in a
thorough reference document [44].

Flue gas heat recovery in most incinerators takes place in
a heat recovery steam generator (HRSG) where super-
heated steam is generated [44]. refers to typical parameters
of the generated steam: the pressure of 4 to 4.5 MPa and
temperature of 380°C to 420°C. If the steam conditions are
to be higher (pressure of 6 MPa, for example), high
investment costs are necessary due to the risk of corrosion
and need for relevant protective measures. Effect of
increased parameters on energy generation was analyzed
in [45], for example.

Superheated steam is then used in a cogeneration.
Backpressure steam turbines (BP) or extraction condensing
steam turbines (EC) may be employed to generate power,
depending on the plant owner’s requirements. Current
technologies need imported power only for a start-up and
shutdown of the incinerator, or during emergencies [46].
Heat is exported after the BP or from one of the outlets of
EC, either in the form of hot water or steam.

2.1.1 Features of particular WTEs

Processing capacities of WTE plants in Europe have
extensive ranges [46]. Authors of this paper operate with
two basic distinctions between the processing capacities.
First, there are medium-sized and large plants processing
80-300 kt-year. Latter plants are usually located in
densely populated regions and large cities (hereinafter
referred to as large WTE plants/capacities). Plants with a
processing capacity of 10-50 kt-year' (hereinafter
referred to as small WTE plants/capacities) are relatively
common in France and Italy [42]. In terms of waste
treatment, small WTE plants have been constructed as
micro-regional facilities for micro-regional needs, which
reduce requirements on waste logistics and related
transportation costs and emissions.

If the WTE plant is of conventional design, the basic
technological principles are identical regardless of the
processing capacity. Heat from flue gas in HRSG is used

for the production of superheated steam. This steam is then
employed in heat and power cogeneration. The heat is
exported either in form of hot water or steam (for example,
central district heating, steam for industrial applications).
In contrast to large WTE plants, small capacity units
usually tend to focus more on heat generation [42].
Reasons behind this decision are high investment costs
related to purchasing and running of the high-pressure
steam boiler and especially condensing turbine. Further,
the market availability of small condensing turbines is
rather limited. Specific investment costs of reaching a high
efficiency of power generation in small WTE capacities are
not sufficiently compensated with high enough profits
from the sale of the electricity [42]. Owners may then give
preference to technical solutions with either hot-water
boiler for district heating, or steam generation of low
parameters and cogeneration of power using steam
reduction. The power that was generated this way is
usually used for power demands of the technology itself.
Calculations in this paper are conducted for high-capacity
plants with EC turbine and for small-capacity plants with
BP turbine. If the WTE plant is to be economically
sustainable and reach adequate thermal efficiency, plant
owners have to find consumers for the generated heat. This
is easier for small-capacity units which have lower thermal
power. Flue gas cleaning system should employ ta dry
cleaning method. This method consists of spraying the flue
gas stream with sorbents and adsorbents which are later
filtrated [42].

The so-called mono-incinerators of RDF are another
type of units discussed in this paper [47]. These units are
designed for incineration of RDF, and their general layout
corresponds with conventional WTE units. Differences lie
in the used materials, and design and operating mode of the
incineration section. Mono-incinerators have a high degree
of fuel utilization. Thanks to combustion of the high
calorific components, the mono-incinerators have an
increased specific production of energy per ton of fuel.
However, the energy production is accompanied by the
increased specific production of flue gas, and GHG (see
section 2.1.2). Also, part of the MSW from RDF
production is not utilized and is later landfilled [48].
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2.1.2  Emission production (environmental burdens)

As analyzed above, the composition of the RES itself is
one of the key factors when assessing the impact of a waste
treatment method on GHG production, see Table 1. The
most important waste parameters are the calorific value of
the waste and amount of fossil-derived carbon and
biogenic carbon. Amount of fossil-derived carbon in the
waste, once incinerated, results in the production of carbon
dioxide, a potent GHG. In contrast, biogenic carbon
contained in biologically degradable parts of the waste
causes the creation of landfill gas that contains methane
and carbon dioxide. The natural carbon cycle is composed
of two cycles: a long-term and a short-term, “biogenic”. In
the long carbon cycle, carbon is captured in fossil fuels and
fossil fuel derived products. In the short carbon cycle,
carbon naturally occurs in all living organisms. In general,
released biogenic carbon is not considered to be an
environmental burden and functions as a necessary part of
natural cycles [49]. Another parameter important is waste
calorific value. The calorific value defines how much
energy is contained within the RES and, consequently,
how much power and heat the waste may produce in
energy recovery. A unique software tool called JUSTINE
was designed at the authors’ department to predict the
composition of the waste and its characteristics. The
software is described by Pavlas et al. in [50], for example,
who studied the hazardous waste. By analogy, the method
may be applied to define the composition of the RES using
an approximation of the waste components [51]. Waste
composition for purpose of this paper as evaluated by the
approach described in [51] is displayed in Table 1.

In addition to the most important burden-producing
process, that is the waste incineration itself and production
of carbon dioxide, there are other GHG producing
processes related to the operations of the incinerator.

These processes include thermal and electrical energy
supplied from primary energy sources, provided that the
energy is necessary and has been purchased. Data for
calculations were obtained in [46]. Others include
consumption of natural gas in the combustion chamber
which is necessary for the combustion stabilization, or
natural gas necessary for start-up and shut-down of the
boiler. Consumption of natural gas in the calculations
equals 220 MJ -ty se€ [46].

Other elements of input and output inventory pertain to
solid outputs coming from the incinerator. Solid outputs
are cinder from the combustion chamber and fly ash
captured in the flue gas cleaning system. Metals may be
recovered from the slag, the slag itself is later landfilled as
an inert material or may be used in the construction
industry (for construction of roads, for example). The fly
ash is treated as hazardous waste and is deposited in
hazardous waste landfills. Both the slag and fly ash are
neutral to GWP and do not produce any additional GHG,
except for the transportation, see section 2.4. Recovery of
metals from cinder does have an impact on the final GWP
that is a positive impact. The recovery prevents the
formation of GHG that would have been otherwise created
in the production of metals from primary raw materials.
The following section covers other important environ-
mental credits.

2.1.3 Energy production in WTE and related positive
effects (credits)

Heat and power production in WTE plants is considered to
be an environmental credit since it partially substitutes
generation of power and heat from primary energy sources.
It is crucial to collect basic parameters of the sources that
are being replaced in order to be able to calculate the
environmental credit. These basic parameters include the

Table 1 Expected average composition of residual waste in the Czech Republic

RES fraction Content of particular Calor. Va}Llle Fossil-derivej Biogenic erbon
components/% /MJ-kg ) carbon/(g-kg ) Ng-kg )
Metal 25 0.0 0 0
Glass 5.5 0.0 0 0
Paper + beverage containers 8.0 14.6 73 317
Plastic 10.0 34.0 680 0
Electronic waste 0.4 229 441 0
Textile 5.5 15.0 172 218
Other combustibles 14.0 44 45 135
Organic waste 29.0 4.6 0 160
Hazardous waste 0.6 17.0 416 0
Mineral waste 3.0 0.0 19 0
Fraction under 40 mm 21.5 5.1 46 85
Total 100* 8. 7%* 104** 120%*

*: sum; **: weighted average.
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production of power and heat, the efficiency of the
production and emissions factors of the production.
However, the most important parameter is the fuel mix
and its carbon content, or the fuel emissions factor.
Fuel mix of the replaced source of energy has a major
impact on the amount of saved CO,.q. For example,
the difference between the emissions factor of natural
gas (55 g CO2'MJca]oriﬁc va]ueil) and lignite (99 g
CO5 M aiorific value ') is almost a double. Emission factors
are presented in [49], for example, and they are defined in
Act no. 480/2012 Coll [52]. for the territory of the Czech
Republic. A cumulative emission factor for fuel mix in the
Czech Republic is used in this paper for the production of
power, see Table 2. Two methods may be applied for heat
production and its replacement: (1) If LCA is conducted
and environmental impact is assessed at the local level, the
emission factor of the plant whose heat production is being
replaced by the WTE plant is considered. (2) If the
calculation covers the whole Czech Republic, an emission
factor of the energy mix for heat production in the whole
country is applied, see Table 2. In future, the total energy
mix for heat production should be replaced with data for
particular DH networks.

An energy self-consumption data was taken from [46].
There are wide ranges of minimal a maximal heat and
power self-consumption so the average data for WTE were
considered. The respected values are 105 kWh, - tyage ' for
self-used power and 122 kWhy, tyasee * self-used heat.

IPCC in [44] stipulates minimal energy export level of
1.9 MWh-t" for efficient heat supply. WTE plants should
be installed in locations where they may be connected to a
central district heating network. If this arrangement is not
manageable, the greater production out of these two
options is to be considered: (1) 0.4-0.65 MWh-t" for
power-oriented plants, or (2) at least the same amount of
power from the waste as the average annual power
consumption in the whole unit with additional heat
production. Reimann conducted and published an evalua-
tion of the efficiency of energy production and other
operational parameters in European incinerators [46]. The
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authors categorized WTE plants into three groups and
identified their average efficiency of energy production:
(1) Heat-production oriented plants, no power production
and heat production efficiency of 77%. (2) Power-
production oriented plants, the efficiency of power
production of 21%, heat production efficiency of 5%.
(3) CHP: power production efficiency of 15%, heat
production efficiency of 37%.

A summary of WTE technologies describing the
previously discussed categories is given in [42], for
example.

2.2 Landfilling

The basic information about landfilling in this paragraph
was taken from [55]. A landfill site is a place designated for
disposal of waste where the waste is permanently stored on
the ground or underground. The waste which is to be
deposited on the landfill site must be divided into specific
waste types and categories based on the chemical
characteristics so that there is no risk of mutual interaction
of the wastes and formation of harmful substances. Just
like other waste treatment methods, landfilling has its own
waste treatment procedures and technologies. Waste is
either deposited into large open holes or is piled in heaps
above the ground. Every landfill site has several protective
layers. The bottom layer functions as a seal and prevents
the so-called leachate and drainage from permeating the
groundwater and surrounding areas. Landfills are further
covered with a drainage layer; this is basically a drainage
system that collects leachate into specialized sealed
containers. Leachate is rainwater which falls on the landfill
site and soaks the deposited waste. Landfills may further
produce landfill gas, which is a mixture of CH4 and CO,
formed by decomposition of biological components of the
waste. An extensive review of landfill leachate and gas
treatment is introduced in [56]. Since these gases are GHG,
amount of landfill gas released into the atmosphere is an
important parameter for calculation of GWP [57].

In contrast to WTE, the actual share of the biogenic

Table 2 Fuel mix for power and heat industry in the Czech Republic, data [53] and [54]

Power

Reference CO, production

Heat

Reference CO, production/

Share/% /(kg-GJ " of produced Share/% (kg GJ " of produced
power) heat)
Coal 51 337 Coal 59 112
Natural gas 8 187 Natural gas 24 62
Nuclear 30 0 Other gases 4 73
Water 1 0 Renewables 9 0
Solar 3 0 Heating oils 4 85
Wind 1 0 - - -
Biomass 6 0
Total 100* 187%* Total 100* 88**
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component is an important parameter for landfilling. CH,
and CO are produced by anaerobic bacteria that degrade
the bio-components (which make up approximately 50%
of RES, such as paper, food waste, grass, wood, etc.). CO,
emissions are not incorporated in the final GWP since they
are a part of the natural carbon emissions cycle. However,
CH, emissions are included in the GWP, despite the fact
that the carbon is mostly biogenic. CHy is produced due to
anaerobic conditions at the landfill site; these conditions
are man-made (they are of anthropogenic origin) and
would not otherwise occur in nature. Formation of landfill
gas reaches ca. 210 m®-ty,qe ' on average [58]. This
number is also used in the calculations in this paper.
According to Czech legislative, landfill sites operators are
obliged to collect the landfill gas on inactive sections of the
site. The efficiency of the gas collection ranges from 50%
to nearly 100% and is dependent on the cover type and the
coverage of the collection system [59]. The US Environ-
mental Protection Agency uses the default value of 75%
for gas capture efficiency in cases where it is not exactly
stated [60]. Captured gas is then combusted in a waste gas
burner or used for energy recovery in a cogeneration unit
[59]. Since collection efficiency is not monitored, it is
handled as an uncertain parameter in the assessment (see
section 3.3).

23 MBT

MBT installations have not been very common in the
Czech Republic yet. Most data for this type of waste
treatment comes from Germany, Austria and Poland.
Whereas paper [48] summarizes experience with MBT in
Poland, potential applications of MBT in OECD countries
are evaluated in [61]. A general guide on MBT is described
in [62]. MBT is a technology for RES that undergoes
mechanical treatment, waste separation and subsequent
biological or physical treatment. Depending on the
technology, the MBT may be distinguished into three
groups: mechanical-biological treatment, mechanical-bio-
logical stabilization (biodrying) and mechanical-physical
treatment. MBT installations aim to decrease the amount of
landfilled RES. Each of the treatment technologies varies
depending on the input waste composition and demand for
the output materials. Usually mechanical, physical and
biological procedures are combined when the unwanted
waste elements, which cannot be biologically degraded,
are separated (metals, plastic, glass, etc.). Consequently,
the waste is stabilized. Waste components suitable for
biological degradation are stabilized using aerobic and
anaerobic processes. Aerobic stabilization means compost-
ing in composting tunnels, boxes, etc. Anaerobic conver-
sion (dark fermentation) may occur under dry or wet
conditions. After the aerobic/anaerobic phase, the decom-
position ends with aerobic treatment. Stabilized waste is
then immune to biological decomposition at the landfill
site and formation of landfill gas is thus drastically

decreased. Nowadays, there are installations where there
is no stabilization of the waste for landfill. These
installations only mechanically separate useable waste
components with high calorific value, and the rest is
deposited at the landfill without any prior treatment [48].
Most modern MBT installations finish the waste treatment
with a mechanical treatment phase. The undesired
fractions, small combustibles, the fraction with high
calorific value, and so on, may all be separated in this
mechanical phase. The fraction with high calorific values
may then form the refused-derived fuel (RDF). RDF has a
higher calorific value (15-25 GJ-t™') than untreated MSW
(8-10 GJ-t ).

The composition of RDF depends on the technology that
created it; composition of the RDF for our calculations is
listed in Table 3. It was derived based on complex
modeling approach, where MSW (see Table 1) was subject
to sorting and treatment process to produce RDF. MBT
with a biological stabilization of the waste and production
of RDF was considered. Mass balance of 100% input RES
in the considered installation is as follows: (1) 41%:
stabilized fraction, to be landfilled. (2) 32%: a fraction with
high calorific value, transformed into RDF, for WTE
treatment. (3) 19.5%: losses caused by drying and
degassing. (4) 7.5%: material recovery of glass and metals.
The performance was based on operational experience
presented in [48]. However, the specific composition of
MSW produced in the Czech Republic was taken into
account. More information about the performance of MBT
may be found in ESM. RDF may be combusted in units
that are similar to conventional combustion plants; these
plants (the so-called mono-blocks) are designed to
combust fuel with high calorific value. RDF can be further
co-incinerated in cement plants or in other WTE installa-
tions [63].

2.4  Transport

Waste transport precedes all waste treatment methods. The
transport may be divided into two groups. First, there is the
waste collection itself, that is the waste trucks collecting
the waste from the garbage containers in the streets.
Second, there is the transport of the collected waste from
the place of its origin to the waste treatment facility. If the
waste treatment facility is located far from the place of
waste production, there may be various transfer stations
established along the way. The conducted research study
proves that impact of the waste transport on the amount of
GHG emissions is negligible. For the purposes of our
analysis, reference distances were identified so that the
impact of transport emissions on the overall pollution from
emissions may be validated. The distance covered by a
waste collection truck in the analysis was 70 km and the
amount of waste transported by one truck was 10 t. The
transport distance to the waste treatment facility was 50 km
and amount of waste transported by one truck was 24 t.
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Table 3 Composition of RDF in this paper

RDF fraction Content of particular

Calorific value

Fossil-derived carbon Biogenic carbon

components/% /MJ kg ") Ng-kg ™ Ng-kg™)

Metal 0.0 0.0 0 0
Glass 0.0 0.0 0 0
Paper + beverage containers 22.8 14.6 73 317
Plastic 26.8 34.0 680 0
Electric components 0.9 229 441 0
Textile 11.0 15.0 172 218
Other combustibles 30.0 44 45 135
Organic waste 3.0 4.6 0 160
Hazardous waste 1.3 17.0 416 0
Mineral waste 0.0 0.0 19 0
Fraction under 40 mm 4.2 5.1 46 85
In total 100* 16.2%* 243%* 145%*

*: sum; **: weighted average

Distances suitable for various combinations of transport
types were analyzed e.g., in [64].

3 Results and discussion

This section presents concrete results of GWP calculations
for the three methods of RES treatment. The most
extensive analysis concerns WTE installations. At the
end of the section, there is a brief comparison of all three
methods and impact of their transport emissions on final
results.

3.1 GWP of WTE

A simplified LCA method was used to describe WTE
installation, and GWP was employed to assess the
environmental impact. The results in Fig. 3 clearly show
that the environmental burden originates solely from the
combustion process itself and from the oxidation of the
fossil-derived carbon. Waste composition is the key
element here (Table 1). Environmental credits originate
purely from the amount of emissions that are not exploited
from the primary sources for the production of power and
heat. The calorific value of the fuel (section 2.1.2), the
efficiency of the whole WTE process (section 2.1.3) and
the environmental burden of power and heat production in
conventional fossil-fuelled energy sources (Table 2) play a
major role here. Other factors may be disregarded.

The following Fig. 4 displays impact of three sub-
systems (combustion, heat and power production). These
sub-systems are affected only by the composition of the
combusted waste. Two major parameters of the waste
characteristics are its calorific value and amount of fossil-
derived carbon. Amount of fossil-derived carbon is directly

proportional to the environmental burden of the combus-
tion process itself. And the amount of plastic in the RES
has the major impact on the amount of the fossil-derived
carbon in the waste. Figure 4 displays three profiles which
differ in the share of plastic content in the waste. Profile A
corresponds to the composition in Table 1, the share of
plastic in profile B is lower by 2%, and share of plastic in
profile C is higher by 2%. This arrangement may simulate
how efficiently the primary waste producers separate their
waste. Portions of other waste components were modified
so that their shares remain intact. Sum of all the
components must equal 100%. The other parameter
important in waste is its calorific value. The calorific
value may be predicted using the calorific value and share
of components in the waste. High portions of high calorific
value components (such as plastic, paper) lead to increase
in GWP-credit for the produced power and heat. This fact
(increase in calorific value and GWP-credit) in plastic goes
against the previously mentioned increase in the content of
fossil-derived carbon, see chart in Fig. 4 where profiles
representing various contents of fossil-derived carbon
converge when the heat production rises (and power
production declines). Calorific value of waste in profiles is
LHV, =8.7MJ-kg', LHVg =82 MJ-kg ' and LHV( =
9.2 MJ-kg™.

Another interesting parameter greatly affecting the final
GWP is a share of produced power and heat in the WTE
installation. Most of the existing as well as the planned
installations have EC turbines. As mentioned earlier, the
calculations also incorporated this type of turbine for large
capacity units. In Fig. 4, the impact of the EC mode is
displayed. The horizontal axis (axis x) shows the
percentage of extraction utilization. Zero% on axis x
means a full condensing mode with heat production
covering only demands of the installation itself. One
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Fig. 3 WTE: Chart of average annual GWP to 1 t of waste. Capacity = 100 kt~year71, lower heating value = 8.7, heat export 4.2 GJ !

power export 0.39 MWh-t !

Fig. 4 WTE: GWP as a function of percentage utilization of heat production. Heat production in CHP = 0% means power-oriented
operation; Heat production in CHP = 100% means heat-oriented operation

hundred% on axis x means maximum use of turbine
extraction with a minimum flow of steam necessary for the
condensation. This corresponds to the second and third
group discussed in section 2.1.3. Figure 4 shows that
increase in extraction (heat production rises) means an
increase in the amount of CO,q saved. Concrete numbers
for boundary points in Fig. 4 are displayed in Table 3.

Figure 4 also shows a special case for a modern WTE
installation which focuses solely on power production.
Power production in these installations ranges from 0.6 to
0.8 MWh -ty ' [46]. The installations take advantage of
measures for maximization of power production. However,
these are obviously expensive installations. If there is a
chance of exporting the heat, it is a preferable method of
saving carbon dioxide emissions than the maximization of
power production.

If we apply facts discussed above and obtained from
Fig. 4 to assess a particular location defined by an annual
heat demand (see Fig. 1), we may identify the impact of

annual processing capacity on overall GWP. In Fig. 5, there
is a dependency of installation’s capacity and GWP. The
calculation was conducted for a location with a heat
demand of ca. 370 TJ-year'. The two profiles in Fig. 5
present an impact of the replaced fuel on the final GWP.
Two potential scenarios of integrating the WTE were
considered: First, in combination with a gas-fired boiler
and second, in combination with a coal-fired boiler plant.
The blue line shows a situation when production of heat in
a natural gas-fired boiler is substituted; whereas the red line
shows replacement of heat production in a coal-fired boiler.
Calculations of saved CO, in both cases, based on Table 2,
involved various emission factors of heat production:
62 kg of CO,eq-GI ™ for a gas-fired boiler station and 112
kg of CO,eq-GJ' for a coal-fired boiler. Sudden change
occurring with the 60 kt-year' processing capacity is
caused by the transition from technologies designed for
small capacity installations to technologies designed for
high capacities. One of the main reasons there is a change
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Table 4 GWP for boundary points in Fig. 4
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GWP/(Kg COseq twaste )

Waste composition

Power-production oriented installations

Heat-production oriented installations

A B C A B C
Burden: combustion 366 317 417 366 317 417
Credit: power production —343 -325 -361 —145 —138 -152
Credit: heat production =21 -20 -22 —531 -502 -560
Overall GWP 2 -28 34 -310 -322 —-296

of a turbine type from BP turbine for small installations to
EC turbine for high capacity installations. Main differences
between the two technologies are listed in section 2.1.1.

The final profile Fig. 5 becomes a new input for reverse
logistic problems (e.g., previosuly mentioned NERUDA
[4]) and serves as an environmental criterion. A similar
input principle is already used in NERUDA for an
economic description of WTE, see Fig. 1(a), the profile
of dependence of gate-fee on installed capacity. Results
prove that rising capacity causes decrease in amounts of
saved CO,qq, Which is a negative trend. For comparison,
see the profile for gate-fee of waste processing Fig. 5 where
an increase in capacity results in a decrease in the gate-fee.
There the trend is positive. The comparison further shows
that environmental benefits are in opposition to the
economic benefits. The whole situation calls for an
optimisation model covering various locations and waste
transport methods.

Fig. 5 Dependence of GWP and capacity

3.2 GWP of installations specialized on energy recovery
from RDF

A similar calculation may be conducted for an installation
specialized in energy recovery from RDF (monoblock).
The following Fig. 6 displays a dependence of a GWP on
the mode of the energy production, similar to the WTE
installation in Fig. 4. The chart clearly shows that the
negative impact of fossil-derived carbon in RDF on GWP,
compared to the impact of RES, increased. The chart
further displays two profiles for two options of produced
steam parameters. The blue profile was compiled for

Fig. 6 Monoblock: GWP as a function of % age utilization of
heat production. Heat production in CHP = 0% means power-
oriented operation; Heat production in CHP = 100% means heat-
oriented operation

common steam parameters (400°C and 4 MPa); green
profile was compiled for increased parameters of 6 MPa.
The positive effect of primary energy sources replacement
is greatly outnumbered due to the increased calorific value
of the fuel. GWP of the monoblocks is more susceptible to
the operating mode of the installation and proportion of
heat to power production. If the heat production drops
below 60% of the maximum attainable production, GWP
also drops below zero, which is the environmentally-
neutral value, and the installation no longer saves GHG
emissions. Quite the contrary, it pollutes the environment
even more. The situation should also account for the
negative effect of MBT which originally produced the
RDF. Figure 5 shows the profile of dependence of GWP on
installation’s capacity.

3.3 GWP of Landfilling

Release and capture of landfill gas are the most significant
parameters of landfilling which affect final GWP and the
total amount of GHG released into the atmosphere. The
scale of landfill gas capture greatly varies depending on the
technologies available at the landfill site. The actual ratio
of released and captured gas ranges from 50%—95% [59].
The example in Fig. 7 works with a constant landfill gas
capture equal to 75% as recommended for not-monitored
sites [60]. CH4 makes up 50%—60% of the landfill gas, and
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Fig. 7 GWP of landfilling (relevant for landfill gas capture 75% [60])

its GWP is 28 times more potent than that of 1 kg of CO,.
Carbon dioxide makes up ca. 30%—40% of landfill gas, and
the rest are trace amounts of various gases (such as oxygen,
nitrous oxide, ammonium, hydrogen, organic compounds,
and others). The ratio of methane to carbon dioxide in
landfill gas varies not only at a particular landfill site but
also at one concrete site at a time. A constant of 55% of
methane in landfill gas was entered into the calculations.
The following chart in Fig. 7 shows results of calculations
for positive and negative factors affecting GWP of a
simulated MSW landfill.

3.4 GWP of MBT

Final GWP of a simulated MBT unit (no RDF utilization)
comprises following environmental burdens and credits.
The burdens include CO,q, formed by the production of
energy from primary sources which cover energy demands
of the unit itself. There are several configurations of
the MBT unit. For purposes of our analysis, the
following energy demand of MBT unit was considered
[61]: 175 MJ-ty.qc ' of electrical energy, 60 MJ - tyq ' OF
heat, 30 MJ -tae ' in the form of mechanical energy and
160 MJ -t ' in natural gas. Amount of GHG, in CO5g,
in the output gas from biological stabilization is another
burden. Output gas production is ca. 5500 m*N-tyasc
The gas is cleaned, which decreases the amount of GWP-
negative components to 5.8 mg-m>N of CH,; and

6 mg-m>N of NO,. Metal recycling and amount of
COy¢q saved in comparison to the production of the same
amount of metals from primary resources are the only
environmental credits. The amount is approximately 2.3 kg
of iron and non-iron metals altogether. Production of other
non-recyclable materials is not considered since paper and
plastic are part of the fraction with high calorific value or
part of the RDF. Final GWP is given in Fig. 8.

3.5 Discussion about implementing GWP in reverse logistic
problems

The results from previous sections help us conduct final
comparison and evaluation of parameters which are either
significant or insignificant for the definition of GWP in
RES processing units. The best and worst possible
scenarios in terms of GWP may be outlined for the
particular technologies. These scenarios are clearly
displayed in Fig. 9.

The best possible scenario for WTE installation comes
when heat production is maximized in small capacity units
and coal-fired boilers are thusly replaced. This configura-
tion may bring the potential GHG savings up to —500 kg
COyeq-t'. GHG savings in medium and large-scale
capacity units, where heat production was maximized,
and the coal-fired source was replaced, may reach over
—300 kg CO,eq-t". In contrast to this, the worst-case
scenario comes when only power is produced. This

Fig. 8 GWP of MBT unit without RDF utilization
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Fig. 9 Comparison of potential intervals of final GWP for particular RES treatment methods

situation may even lead to the additional production of
GHG emissions instead of their saving. Results presented
in this paper are valid for installations where power
produced from fuel mix defined in Table 2 was replaced.
Three subsystems of WTE, that is combustion, power and
heat production, have more than 90% share in the final
GWP. These are later used for calculation of environmental
criterion in optimisation tasks.

For calculation of WTE’s GWP, main inputs must be
defined: (1) Waste composition; (2) WTE parameters:
power and heat production; (3) Parameters of the primary
energy sources that the WTE is to replace: Emission factor
of carbon dioxide. Profile of dependence of GWP on WTE
unit’s capacity (see Fig. 5) is an input for optimisation task.

Landfilling is predominantly (by more than 95%)
affected by one major parameter that is the ratio of
captured vs. released landfill gas. The best-case and worst-
case scenarios correspond to the top and bottom values of
actual capture of landfill gas, as displayed in section 3.3.
Maximum gas capture of ca. 95% leads us to the bottom
values of GWP of ca. 4 50 kg CO,4-t'; this is, however,
still an environmental burden. But once the amount of
captured landfill gas reaches 50%, GWP equals ca. + 1090
kg COyeq-t™'. A facility without any capture technology
yields double these values. Other factors contributing to
GWP may be disregarded. Production of landfill gas is
definitely affected by the composition of RES but the little
differences have an insignificant impact on the final
composition and are overshadowed by the previously
discussed ratio of captured vs. released landfill gas. Inputs
for the optimisation tasks thus include constant GWP,
influenced by technologies.

MBT with subsequent energy recovery from RDF is the
last technology analyzed in this paper. This method
basically consists of the MBT unit itself, which is
characterized by the constant environmental burden of
GHG emissions that reach ca. +30 kg CO,¢,-t ', and a unit

for energy recovery from RDF, where GWP follows a
similar pattern as in case of a WTE unit. This means that
the best-case scenario involves the maximum production
of heat and replacement of coal-fired source. GWP in this
scenario reaches —300 CO,¢,-t 'of savings. More differ-
ences, compared to WTE, emerge at the other end of the
GWP interval when heat production is at its minimum.
GWP may then reach to+400 COpeqt' of burden
emissions. Inputs of the MBT optimisation tasks then
include constant burden value and subsequent energy
recovery from RDF requires similar profile as in case of
WTE. This applies to common MBT unit described in
section 2.3. Figure 9 shows two special examples
(scenarios) on both sides of the resulting GWP. In the
“MBT2” scenario the RDF is utilized in cement plant
instead of monoblocks. The “MBT3” scenario shows the
possible GWP production in MBT plant without stabiliza-
tion of the landfilled fraction. In this case, the waste on a
landfill still produces the landfill gas thus the GWP can get
t0 4900 CO,eq-t .

The previous part of this section discussed methods of
implementing GWP into decision-making in optimisation
tasks. This is followed by economic aspect, which is
another benefit of using GWP for a description of
environmental impact. This is enabled by European system
for trading with GHG emissions (ETS). ETS was first
introduced in 2005 and has entered the third stage of its
existence (2013-2020). Legislation for the fourth phase is
still being drafted but the basic rules have already been
adopted by the European Parliament. ETS gradually
developed and extended to other industries, and other
than just carbon dioxide GHG have been included into the
system. ETS is the “cap and trade” principle. Redundant
allowances or allowances from emission-savings may then
be traded on a market. Current price is just below €5 per
ton of COyq. A detailed description of ETS principles and
mechanisms is given in [65]. European legislation [66]
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(regulation on cost-effective emission reductions and low-
carbon investments) and [67] (regulation on greenhouse
gas emission reductions) has taken relevant steps to revive
emission allowances market. Emission production in ETS
is planned to drop by 43% compared to 2005 levels, and by
30% in industries not covered by ETS. Besides that, ETS is
to cover more areas and foremost of these areas is the waste
management industry. Recent development in the field and
measures adopted by the EU further justify the use of GWP
as an environmental criterion for SCM task in WM.
Economic description of GWP using prices of emissions
allowances helps keep the optimisation task focused on
one criterion and thus reduce computational complexity.

4 Conclusions

The research study contributes to the development of
advanced reverse logistics models, where economic and
environmental criteria are combined to propose an
optimum infrastructure for treatment of residual municipal
waste. Purpose of this paper was to investigate parameters
influencing environmental impact (GWP) in case of three
RES treatment technologies. These technologies were
WTE, landfilling and MBT with subsequent utilization of
RDF.

Since thermal treatment of RES represents a preferred
method of handling this kind of waste, GWP from waste-
to-energy was analyzed in more details. The effect of
varying waste composition (fossil carbon content) was
quantified. This was especially important for plants
processing refuse-derived fuel produced in RDF plants.
The increased plastics content worsens their GWP
compared to WTE plant treating RES. In addition, heat
delivery rate was identified as the most important aspects
influencing the credits and thus the overall GWP of WTE.
If there is a chance of exporting the heat, it is a preferable
method of saving carbon dioxide emissions than the
maximization of power production. Costly measures
leading to higher electrical efficiency are justified only in
cases, where heat delivery is limited.

The WTE integration in particular locality was analyzed
in terms of avoided emissions from fossil-based energy
producing units. The WTE capacity was increased
considering fixed heat demand. Rising capacity causes
decrease in amounts of saved CO,q, Which is a negative
trend. The relation is nonlinear. However, models
employed in reverse logistics work with a linear relation-
ship between the waste amount and emission production,
which represents strong simplification.

The comparison further shows that environmental
benefits are in opposition to the economic benefits of
economy commonly improves with increased capacity.
The situation calls for an optimisation model covering
various locations and waste transport methods.
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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 1is 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

@ Springer
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Fig. 1 Trends of municipal
waste generation and treatment
in the EU, by type of treatment
method (Eurostat 2012)

Fig. 2 Municipal waste treated
in 2011 in the the EU 27, by
country and treatment category
(% of municipal waste treated)
(CEWEP 2013)

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
of MSW processing system

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

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
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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
mass balance for WTE and
MBT facilities (based on data
provided by Thiel 2011)

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

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.
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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\4BT(Z a,jlj + Z b,’jlj) < CiWTE —+ CILND
J J J

Z Lll'jlj S CIRDF (3)
7
=Y al <M (4)
7

NPT "yl = ST byt (5)
7 7

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

@ Springer

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, o; 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?/IBT is equal to 1, if node i is

a village with MBT, and equals 0 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

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
infrastructure of the model with
key elements for assessed
concept

considered in our simplified task. In this case study, we
take into account the economy of scale (see p)¥ 'E(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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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):

R(c)=P{C>c}) = /f(u)du =1-F(c). 9)

where F(c) is the cumulative distribution function, and
¢ is plant capacity. Function F(c) is obtained from the
results of a Monte Carlo simulation. In each run, one
capacity ¢ for the project was proposed as optimally
reflecting the current gate fees of all competitors. The
survival function R(c) (complementary cumulative distri-
bution function or reliability function) then expresses the
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 Scl 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

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

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

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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of the major risks is a lock of waste availability, its evaluation represents an integral part of feasibility

Waste availability studies for WTE projects.
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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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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 Trecakova 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:

¢ A stable planning environment (15—20 years), relatively stable
and preferably foreseeable cost of spare parts, consumables, etc.

e Energy delivery contracts

o 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 M]/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

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
important income. 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

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

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

Fig. 3. The components of our waste delivery risk analysis methodology.
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Fig. 4. Scheme of NERUDA software and components included.

o 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.

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—Cmax 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

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.

e 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).

e Waste 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

Fig. 8. NERUDA principles.
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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

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 Crgr. The

Fig. 12. A histogram of waste availability for IRR of 8—10%.

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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ABSTRACT

An overview of relevant literature shows how supply chain and network flow models represent useful
tools in the area of clean energy generation and processing related waste. This paper deals with a specific
network flow problem where the mixed municipal waste as a secondary and partly renewable energy
carrier is transported from waste producers (municipalities), through pre-processing facilities, to its final
treatment in waste processing units and in which the optimal flow is desired. The results obtained for the
minimum total costs, including treatment and transportation, correspond to production and savings of a
certain amount of CO, and other greenhouse gases which is described by Global Warming Potential
(GWP). The average cost was 74 EUR/t and average GWP was 37 kg COz¢q/t. The GWP contribution varies
among the waste producers as a result of treating waste in different places and various technologies.
However, to identify the individual contributions, the detailed waste flow identification is required. The
flow distribution is unknown due to the effect of merging and splitting waste streams in the network. For
this reason, a consequent network flow problem for exact waste flows identification is proposed. The
model follows the principle ideas of multi-commodity network flow modelling and it reveals the vari-
ability of cost and GWP contribution for all producers in the investigated area. The proposed method has
been tested through a case study considering treatment of mixed municipal waste. The results obtained
by the original implementation in GAMS are presented and discussed in detail. The GWP contribution
varied between —173 and 880 kg COyeq/t and significant waste producers were identified in the network
regarding GWP. The results are important for setting the target for emission reduction in individual
regions and for particular producers. The principle can be applied in general to any commodity and
network flow problem.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

ArcGlIS in Khan and Samadder (2016); sustainable supply in Young
et al. (2012); distribution of waste and treatment technologies

Applied research in waste management can be considered as a
current and rapidly developing theme in process engineering.
Related problems have been studied in different areas, such as
dealing with municipal solid waste in Bidart et al. (2013); cost-
effective waste collection using routing problem solver tool of

Abbreviations: WTE, waste-to-energy; MBT, mechanical-biological treatment;
W, waste; CW, compressed waste; RDF, refused derived fuel; RL, railway; CWRL,
compressed waste via railways; LND, landfill; TR, transfer station; RDFP, refused
derived fuel plant; GWP, global warming potential; GHG, greenhouse gases.

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

https://doi.org/10.1016/j.jclepro.2018.10.165
0959-6526/© 2018 Elsevier Ltd. All rights reserved.

within the mega-city in Thikimoanh et al. (2015); efficiency of
energy recovery in Grosso et al. (2010); recycling validity in Velis
and Brunner (2013); Life Cycle Assessment and mathematical
programing is used for highest environmental impact prevention
from food waste in Cristébal et al. (2017); waste-to-energy facility
planning in Pavlas et al. (2010); the economic, environmental, and
social perspectives for a municipal solid waste management is
modelled in Habibi et al. (2017); the sustainability requirements
with the same criterions were studied in Asefi and Lim (2017) while
the multi-objective approach was carried out using e-constraint; a
systematic approach for an integrated recycling and disposal
network for municipal solid waste is analysed in Harijani et al.


mailto:Radovan.Somplak@vutbr.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2018.10.165&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
https://doi.org/10.1016/j.jclepro.2018.10.165
https://doi.org/10.1016/j.jclepro.2018.10.165
https://doi.org/10.1016/j.jclepro.2018.10.165

R. Somplak et al. / Journal of Cleaner Production 208 (2019) 1294—1303 1295

(2017). The paper Kurdve et al. (2015) study how operations
management and environmental management can be integrated
on an operational level including the waste management supply
chain. Challenges related to optimizing waste management are
discussed in Juul et al. (2013). An important topic in waste man-
agement is the transport of waste. A comprehensive review was
published by Bing et al. (2016) which focused on logistic issues,
applied modelling techniques and research opportunities. The
transport of waste from its producers to processing facilities is
categorized as a reverse logistics problem, where the optimal re-
sults are named as a convergent network structure (i.e. waste
generated by many producers is shipped to a small number of
processing plants). Novel ideas of reverse logistics are also
mentioned by Ferri et al. (2015).

This paper presents detailed information about recent im-
provements of a large-scale reverse logistics optimization tool (see
section 2.1). It deals with the phenomena of tracking waste flows
and related greenhouse gas (GHG) emissions from a single pro-
ducer to the final processing location. It extends the ideas of the
paper by Somplak et al. (2015) which discussed the fundamental
principles and by Pavlas et al. (2017) where the forecasting of waste
is performed, while this paper improves and enhances the results
and analysis further.

The effort is put on the analysis of produced emissions in
particular nodes of the network. The Global Warming Potential
(GWP) has been selected as an indicator used in this study. How-
ever, also other criteria may be used, see Cucek et al. (2012). The
focus is on emissions produced by specific producers in logistic
tasks considering the allocation of waste from individual edges.
Such an analysis is important for identification of bottleneck waste
producers in the network regarding GWP contribution. The results
are important for setting the target for emission reduction in in-
dividual regions and for particular producers.

2. The problem statement
2.1. The flow and capacity allocation problem

The strategic decision making in the field of waste management
is a useful tool. Such an approach was introduced by Somplak et al.
(2014), where the basic idea was presented in a mathematical
model with application on waste-to-energy (WTE) plant location
and its capacity allocation within a specific geographical region. In
another work by Ferdan et al. (2015), it was used for a compre-
hensive evaluation of a proposed plant in terms of waste avail-
ability and associated investment risks. The tool follows and
improves network flow modelling ideas applied to waste man-
agement, see, e.g., Gottinger (1986) for references to its beginnings.
The main part of mathematical modelling in waste management
belongs to a class of specialized reverse logistics models, see Ghiani
et al. (2014) for detailed survey. These models can simulate a
competitive environment among producers or facilities in waste
management, see Bazaraa et al. (2010) for an overview of utilised
concepts from the area of network flows and linear programming.
In this way, also waste treatment strategies can be optimised in a
specific region from a waste producer's point of view (including
economic and environmental aspects), since the region is divided
into numerous nodes. The energy concept of cities is also integrated
through demands on heat in district heating systems in candidate
locations and their profiles during the year. The network can
combine roads and railways. Various waste treatment technologies
were analysed and the uncertainty was included.

From a process engineering point of view, the use of various
mathematical programming approaches allows to develop and

extend computational modules. However, the extensive supply of
input data is needed. These modules need various technological
and economic data, such as: (1) geographical information systems,
and related logistic data; (2) landfilling data; (3) waste-to-energy
processing data; (4) waste separation related data; (5) recycling
based data; (6) MBT units data; (7) transfer stations related data;
(8) scenarios based on legislation requirements; (9) economic pa-
rameters (prices, taxes, specific funds, etc.); (10) ecology impact
evaluations; and (11) quantified European strategy of waste man-
agement development. The data are transferred from databases
into computational modules, thus feasibility studies and subse-
quent optimal local strategies are computed and visualised.
Recent practical applications have also revealed the need for
further extensive analysis of processing costs and emission pro-
duced. Especially the GWP contribution as a modern indicator
should be further analysed. This problem is first introduced in
section 2.2. Next, there is a related discussion and developed
modelling approach enabling tracking the waste on its way from
producer to treatment facility in sections 2, and 3 described in
detail, respectively. The final part in section 4 demonstrates the
practical implications of such an approach through a case study.

2.2. Identification of producer-facility waste flows within the
network

The next challenge is linked to the problem that involved pro-
ducers and treatment facilities compete among themselves. The
results of this competition can be evaluated by a comparison of
overall waste treatment costs, i.e. the sum of processing costs and
transportation costs for each producer. However, the important
aspect is not only the cost, but also the identification of the emis-
sion footprint from individual waste producers — GWP contribu-
tion. Of course, it is based on the mean of transport or the waste
treatment method. It is obvious, that the environmental milestones
are very often in contradiction with the economic point of view.

However, the results from the aforementioned flow and capacity
allocation problem provide us with only information about the total
waste flow along edges, capacities of the treatment facility (amount
of processed waste), gate fees and the emissions produced in
particular facility. Regarding the particular producer, information
about a waste flow through the network is not available due to
reasons stated later on. This is acceptable within the framework of a
global and/or regional analysis, e.g., for governmental purposes. It is
obvious that the solution to the facility location problem does not
necessarily represent such information because the waste flows
from different waste producers can merge and split again (see in
Fig. 1). Thus, the information about the original source of the spe-
cific waste flow can be lost.

The real industry solutions and so the waste flow follow
currently the economic aspects and legislation rules. Such an
approach is also used in the illustration. The resulting production of
emission is calculated hereupon and it is just a consequence of the
economic decision. This problem is demonstrated by using a simple
network shown in Fig. 1. The cost and emission terms used in this

Fig. 1. A simple network to demonstrate difficulties in identifying flows.
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illustrative case and also in Section 4 are inspired by the values and
ranges reported in detailed analysis by Sompldk et al. (2015)
(treatment cost ranges for WTE), Gregor et al. (2017) (waste
transportation cost) and Ferdan et al. (2017) (GHG emission from
treatment and transportation of waste).

Waste from producers A (40 kt/y), B (60 kt/y) and C (100 kt/y)
flows separately to node D (at a transportation cost of 4 EUR/t, 2
EUR/t, and 3 EUR/t) and then together to node E (costing 4 EUR/t).
In node E, the waste flow is split up and the first part goes to node F
(costing 2 EUR/t), the second part goes to node G (costing 4 EUR/t)
to satisfy their allocated capacities of 120 kt/y and 80 kt/y in nodes F
and G, respectively. Additionally, the gate fee for processing the
waste is paid in F and G with unit costs of 55 EUR/t and 75 EUR/t.
Regarding transportation, the GWP is considered as constant
0.06 kg COeq/km-t. At node E, the information about waste flow
direction from a particular producer is lost (A, B or C). From the
solution of this simple transportation problem, we only get the
obvious information about total waste flows along the edges (the
flows from A, B and C comes to 200 kt/y at edges D-E and they split
into 120 kt/y and 80 kt/y amounts at E). Therefore, we do not know
at what ratio the waste from a particular producer is split up into
the node E. There are various possibilities, see Fig. 2 for two of
them.

For the first one, producer A delivers waste to F and pays 2.6 mil.
EUR/y and GWP is 5976 kg CO,eq/y, which is the average price and
specific GHG production of 65 EUR/t and —-149.4kg CO.eq/t,
respectively. For the second one, producer A delivers waste to G and
pays 3.48 mil. EUR/y and produces 9971.2 kg CO,eq/y, which is 87
EUR/t and —249.28 kg COeq/t. In both cases, the overall objective
function (overall processing cost for the examined system) is fixed
at 14.54 mil. EURJy and overall GHG production is —26,892.6 kg
COzeq). In fact, there is an infinite number of such flow options, so
the total cost and flow are the same while the cost, emissions and
flows for the producers vary.

2.3. Applications for real problems

It should be emphasized that our artificially developed situation
from the previous section occurs for the real world data. Fig. 3 il-
lustrates the resulting network for a specific region (the Czech
Republic and selected neighbourhood areas) and model dealing
with complex waste management planning. There are several sit-
uations locally similar to Fig. 1 in Fig. 3, specifically, see the thick
blue edge in the detailed view of the northern part.

For this reason, the arisen situation motivates us to further deal
and handle the challenge through our original utilization of multi-
commodity network flow ideas combined with suitable post-
processing in the next sections.

Problems related to the above-mentioned solution's uniqueness
have been studied in different engineering application areas, see
(Xu, 2010) for maximum flow problem with multiple solutions.
However, none of the so far published papers considered the gen-
eral flow problem with splitting and merging. This paper developed
an approach for handling the complex problem and it is considered

Fig. 2. Different solutions for producer A in a simple network.

Fig. 3. The network for producers in CZE and a detail of a fragment allowing various
solutions for a producer.

to be a novel one not only within engineering waste-management
tasks. This approach follows up on the previously published papers,
where the lack of detailed flow information formed a research gap,
e.g.in (Lo et al., 2018) for the application in the source allocation, in
(Pradel et al., 2018) for the flow in manufacturing processes or in
wood logistics by Taskhiri et al. (2016).

First, various approaches to identify a producer-facility pattern
and trace the waste have been assessed. Each approach is accom-
panied by specific limitations, which can be summarized as
follows:

e Simple post-processing, based on a sequential algorithm which
performs the node balancing needs expert-based decisions
about splitting nodes and is applicable for small networks due to
a lot of manual work; otherwise, output flows have to be divided
equally.

e The optimization approach, based on using a different type of
graph (e.g. bipartite complete graph, where each producer is
connected directly with treatment facility by edges) requires a
large amount of computational time, see Pavlas et al. (2015).
Furthermore, the solution uniqueness for producer-facility flows
is still not guaranteed.

e Multiple criteria optimization needs the specification of
weights, but minimum costs for all regions are not guaranteed;

Therefore, in the presented approach, it is focused on multi-
commodity network flow model ideas and partially on the utili-
zation of the experience summarized above. The ideas already

introduced in Somplak et al. (2015) are followed as well.

3. The flow identification problem and waiting list of
producers

Regarding the aim, the waste flow for a treatment facility(ies)
for each municipality has to be identified, i.e., to solve flow iden-
tification problem. This principal idea is based on the assumption
that municipalities need to make a contract with each treatment
facility(ies) separately. The municipality is represented by a mayor.
If the mayor is a responsible person, he/she begins negotiations
with waste treatment facilities as soon as it is possible, if another
mayor does not care about the future too much he/she postpones
this step. Through this idea, a waiting list of municipalities/waste
producers is created. The waste flows along the edges and the ca-
pacities of treatment facilities are given by the solution of the
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previous advanced transportation and location problem. These
flows and capacities cannot be exceeded by any producer. It is
obvious that the later a mayor makes a contract, the more limited
his options of waste treatment are. The first mayor has the best
position since all capacities of all edges and treatment facilities are
fully available. The mayor second has a little bit worse position
because the first mayor decreased the available capacity of a
particular treatment facility(ies) and the available waste flow ca-
pacity of particular edges. The last mayor is in the worst position
since there is only one, and probably very expensive option as the
capacities are already taken by the other mayors.

There are two options on how to implement a waiting list. First,
the problem for each producer can be solved separately following
the waiting list order. For each producer, the capacity of treatment
facilities and edges decrease according to the solution for previous
producers. This leads to high demands on the pre-processing of
input data (the results have to be processed and implemented into
inputs for the next calculation addressing another producer).

The other option is preferred instead. It consists of an intro-
duction of weights in the objective function. These weights repre-
sent the order of producers on the waiting list. In this case, the
problem is solved for all producers simultaneously. By this, a multi-
commodity nature has arisen into the problem — waste from each
producer represents a commodity.

This multi-commodity network flow problem is characterized
as one with a limited capacity of edges and treatment facilities, see
Ghiani et al. (2014), for related network flow models with logistic
applications and Bazaraa et al. (2010) for solution techniques.

The original model, described by Somplak et al. (2014), is
extended by a new index related to producers, and their pro-
ductions are understood as various commodities. Therefore, new
constraints linking commodity flows through edges with the total
flow variables must be defined. For this reason, as the number of
variables increases, computation time also increases significantly
and multiple optimal solutions such as those in Fig. 2 may still
appear.

Note that this could be implemented directly into the original
logistic model (in stage 1.), however, it enlarges the original model
significantly, see Fig. 4.

Therefore, from our point of view, it is better to split the
enlarged combined model into separate models designed for the
facility location problem (stage 1.) and flow allocation problem
(stage II.) separately, see the dashed vertical line in Fig. 4. Separated
models have fewer variables and constraints than the combined
model. Considering related steps, such as sensitivity analyses and/

Fig. 4. Modelling of a facility location problem and flow allocation problem.

or Monte Carlo simulations, the separated models are favoured due
to their computational time (furthermore, analyses of costs and
emissions for producers are not needed every time, as mentioned
above). It has to be emphasized that the split models may lead to
worse solutions from the various aggregated points of view of
producers. However, after tuning certain parameters of both
disconnected models, optimal solutions can be the same as for the
enlarged combined model because it can be considered as one
satisfying a general greedy algorithm functionality assumption.

4. Mathematical model

In this section, the presented idea is converted into a mathe-
matical model. It features a road (RD) network and also a railway
(RL) network. There are different types of processing units. These
are transfer stations (TR), MBT plants, WTE plants, landfill sites
(LND), combustion plants utilizing calorific outputs from MBTs. The
first group of units (TR, MBT) represents pre-processing facilities,
where the input flow is transformed into another form. For
example, an MBT plant produces refused derived fuel (RDF), a
transfer station compresses the original waste (W) into containers
for subsequent shipment at a reduced cost via roads (compressed
waste, CW) or via railways (CWRL). The latter group (WTE, LND,
RDF plant (RDFP)) consists of facilities where the final treatment is
performed. Handling output streams from these facilities is out of
the scope of this calculation. Let us introduce the key elements of
the mathematical model. At first, it has to be emphasized that
above-mentioned abbreviations are used as superscripts in the
listed symbols to identify the related structural element.

Sets, indices, and parameters

keK set of all nodes (producers and treatment facilities
together)

j€J, J=K set of municipalities (waste producers)

meM, McK set of waste treatment facilities (transfer sta-
tions, incinerators)

neN, Nc=K set of treatment facilities producing CW (trans-
ported to WTE)

iel set of edges, representing road infrastructure

leL set of edges, representing rail infrastructure

ai; node-edge incidence matrix element of the road network
by incidence matrix element of the rail network (CW transport
only)

s; capacity of an edge i on roads for W, CW and RDF, used as
superscripts

t; capacity of an edge | for CWRL on rails

w; amount of waste W produced in a municipality j

0; weight coefficient for a producer j

Di gate fee at a node k (if not a facility, gate fee is equal to 0),
where WTE, LND, MBT, TR are used as superscripts

¢ transportation cost for W, CW, RDF, and CWRL, used as
superscripts

dRD length of the road edge i

de length of the rail edge [ e GWP for transportation, where CW
and CWRL are used as superscripts

e, GWP at a node k (if not a facility, GWP is equal to 0), where
WTE, LND, MBT, TR are used as superscripts

oRDF yield of RDF at a MBT plant, transformation of W into RDF
F GWP related to waste handling at rail stations

Q costs related to waste handling at rail stations

Variables
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u;; flow of waste along the edge i produced in a municipality j
(for W, CW, RDF, and CWRL, used as superscripts)w

v j amount of waste from a municipality j processed in the node
k (for W, CW, RDF, and CWRL, used as superscripts)

E; total GWP for municipality j By using the introduced symbols,
the objective function minimizes the total treatment cost for all
producers as follows:

mmz

CWRL ,, WTE.LND
HZ - (ka + ”k] Uy )pk

jeJ Wi | lkek
RDF , RDF ..MBT CW TR CWRL RD w W
o “113 D~ — Vg pk:| Z“ Q+Zdi (”mc
nenN i

RDF RDF , ; CW .CW RL, CWRL -CWRL
+ ufPFROF ufe >+Zd, uYRe ],
1

(1)

where the previously mentioned abbreviations are used as super-
scripts in the objective function terms to specify processes applied
to treated waste. The total treatment costs are defined as the sum of
various accumulated processing costs and separately specified
transportation costs. Minus signs in front of waste processing
related terms indicate the correct directions of the local flows to
avoid possible misinterpretations of partial costs, as profits from
the computational point of view. Parameter p}T includes both the
MBT and RDFP related cost. Then, ¢; is a weight specified for a
producer j. The weights have to be ordered and no two weights are
equal. The first producer in the waiting list has the highest weight
and the last one has the lowest weight. The weights artificially
increase the total costs. Considering the minimization problem, this
means that total costs for a producer with a high weight have
corresponding impact on the value of the objective function.

Let us show this as an example based on Fig. 1. If we assume that
the order of municipalities in the waiting list is A, B, C, we could, for
example, assign weights to the municipalities in the following way:
6p = 6, 0 = 3, and 6c = 1. The effect of the costs (separately
related to municipalities on the value of the objective function for
municipality A) is two times stronger, and six times stronger than
the effect of costs for municipalities B and C, respectively. Therefore,
the model puts the strongest emphasis on the total costs for mu-
nicipality A, weaker emphasis on B and the weakest on C.

So far, the only objective function was discussed. Now let us
have a look at the constraints. The first constraint, Equation (2), says
that the sum of waste flow along an edge produced by different
municipalities is equal to an edge capacity (given by the solution of
location problem). The next constraints, Equation (3), represents
the condition that the waste produced in all municipalities is
further processed (the values of variables describing production
has the sign that is opposite to the values of variables specifying
processing). Equation (4) says that the waste produced in a mu-
nicipality has to be loaded and then transported. Equation (5)
provides the constraints that guarantee the waste flows through a
network. Equation (6) is a node related balance; simply what flows
in or is produced in the node has to flow out or to be processed in
the node. Equation (7) is a pre-processing constraint (MBT or
transfer stations), i.e. the amount of raw waste pre-processed in a
node has to leave the node in a different form (in our simplified
example, this is only related to transfer stations as collected waste
W becomes compressed waste CW). According to Equation (8), the
waste produced in a municipality has to be transported to a
treatment facility(ies). Equation (9) says that the waste transported
from all producers to a treatment facility has to be processed.

Equation (10) reflects the calculation of total GWP contribution by
the municipality. Parameter e¥5T includes both the MBT and RDFP
related GWP. Equations (11)— ( 14) are introduced to keep sign rules
(production is positive, processing is negative). Equations (15) and
(16) say that the edge variables are nonnegative. The whole model
Equation (1) to Equation (16) is implemented in GAMS modelling
language and solved by the CPLEX solver.

w RDF RDF cw cw CWRL
Doy = Z“ iy ug = sy i
jel jel jel jel
=t, Viel,Vilel, (2)
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v <0, vjel, (11)
v 20, Vjvelfllfétj, (12)
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vt > 0,05 > 0,00R >0, vmeM,vje], (14)
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An application of the model will be presented in the next sec-
tion. A simple example involving only several producers and
treatment facilities will be solved in detail to provide a compre-
hensive understanding of the problem.

5. Model applications — example featuring a small network
5.1. Task definition

The example is introduced for explanatory purposes. It features
a network consisting of 7 nodes and 8 edges connecting the nodes.
A network visualization is presented in Fig. 5 together with the
necessary input data, such as lengths of edges (in kilometres) and
the amount of produced waste (kt/y).

The network also contains different processing units which are

Fig. 5. Simple example specification.
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attached to the nodes. Therefore, there are auxiliary edges con-
necting nodes and processing facilities listed in the latter group for
modelling reasons. The network scheme is illustrated in Fig. 5,
where the edge length, waste productions and facility distribution
is displayed. There is only one exception to the connection between
node 3 and nearby WTE. It is a railway connection with a significant
distance. There are 2 WTE plants located close to nodes 6 and 7; 2
landfill sites attached to nodes 6 and 7; 3 transfer stations (TR) in
nodes 1, 4 and 6; 2 MBT plants in nodes 2 and 4; and 1 RDF plant
close to 5.

The amount of produced waste is specified for each node (waste
producer) in Table 1 together with the flow balance reflecting fa-
cilities being operated in the nodes. It should be noted that RDF
produced in the MBT plant represents only a portion of the amount
entering the plant. The optimal waste flow for each edge is stated in
Table 2.

Regarding Fig. 4, the following illustration represents the result
of NERUDA, where the green numbers are capacities of edges for all
considered waste types, see Fig. 6.

Considering the network from the illustration, the average cost
of the whole treatment process was 74 EUR/t and average GWP was
37 kg COz¢q/t. The weights ¢; then determine the order in which the
producers decide the place and method of processing their waste.
This implies the unit cost/GWP of the waste processing of indi-
vidual producers. In the next step, the weights are generated
randomly for producers to get an insight into the variability of GWP
for each producer when their agreement related activities are not
coordinated and they act spontaneously. A simulation based
approach can help us to estimate the interval of varying GWP, their
variance, and their mean value for each producer and hence to
derive conclusions about GWP stability for each producer under
scenario based circumstances.

5.2. Cost related analysis

Let us recall the main goal of the calculation, which is to gain
information on where the waste from a particular producer will be
processed. Additionally, the total processing costs are under inter-
est with respect to the choice of generated weights é;.

The following analysis reflects the calculation that was per-
formed in two scenarios. In the scenario 1, weights were set the
same 6; =1, V j. Whereas the following weight setup 8; = 7,9, =
6,03 = 5,04 = 4,05 = 3,0 = 2,07 = 1 was carried out in scenario
2. In this specific case, waste producer 1 chooses among the waste
treatment possibilities without considering about others. Then,
producer 2 realizes his choice is under restriction caused by pro-
ducer 1. The further producers continue to realize their choices
subsequently as more and more restricted in their possibilities by
previous producers.

Input data about costs: RDF treatment fee in a RDF plant: 55.6
EUR/t; WTE and landfill sites related fees (varying across facilities
due to economies-of scale and local conditions): 6wTg: 48.1 EUR/t,
7wre: 83.3 EUR/t, 6 np: 85.2 EUR/t, 7inp: 74.1 EUR/t; processing cost

Table 1
Waste production in nodes and facility balances.
Producer 1 2 3 4 5 6 7
Facilities TR MBT TR, MBT RDFP TR, LND, WTE LND, WTE
W produced [kt/y] 100 200 100 100 300 200 100
W treated [kt/y] -50 -50 —100 (MBT) —50 (LND) —150 (LND)
—50 (TR) —300 (WTE) —450 (WTE)
CW produced [kt/y] 50 50
RDF produced [kt/y] 20 40
RDF treated [kt/y] —60
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Table 2
Total optimal waste flows for identified edges; [kt/y].
Edge 1-4 1-5 2-3 2-5 3-6 4-5 5—-6 6-7 6-6wrTE 7-TwrE 6-6.nD 7-71ND 5-5rpEpP
W 50 50 100 50 400 150 50 100 50 150
cw 50 50 100 250 250 250
RDF 20 40 60

Note: The sequence of parameters describing the flow along edges and representing roads, is

as follows: W/CW/RDF. For railway transport only, CW is allowed

Fig. 6. Visualised results for the simple example.

at transfer stations: 1tg: 0.67 EUR/t, 4 tr: 1.11 EUR/t, 6 1g: 0.93 EUR/
t; transportation costs for W using the roads: 0.19 EUR/(t.km); RDF
transportation costs specific for roads: 0.13 EUR/(t.km); costs for
compressed waste (CW) roads: 0.13 EUR/(t.km); costs for com-
pressed waste transportation on railways (only relevant for edge
3—7wrte): 0.11 EUR/(t.km).

The results of scenario 1 for previously mentioned input data are
in Table 3.

The previous tables specify the flows to processing plants for the
waste of each producer. For example, let us discuss the flow of
producers 1 and 2:

For waste producer 1: 50 kt of W is transported directly by a
vehicle along edge 1—4 to node 4, where an MBT plant produces
20 kt of RDF, which is subsequently shipped along edges 4—5 and 5-
S5rprp to an RDF plant in node 5gppp. The remaining 50 kt of pro-
duced W is directly processed via the transfer station in node 1, and
then transported in containers to two different WTE plants, 6wTg

and 7wrg, for its final treatment. The beginning of the paths for both
consignments is the same. They go along edges 1-5 and 5—6. The
first consignment, accounting 14.6 kt W, is processed here at a WTE
plant in node 6w and the further remaining 35.4 kt W continues
along the edge 6—7 and is finally treated at a WTE plant in node
TWTE-

Waste producer 2: 150 kt of W is first transported by collecting
vehicles where 100 kt of this amount is moved by edges 2—5 and
5—6 to node 6, where it is compressed in the transfer station. The
first part of the 68 kt of CW is then transported along edge 6—6wTg
to be processed at a WTE plant in node 6wrtg. The second part of
32 kt of CW is transported along edges 6—7 and 7—7wrg, Where it is
further processed at a WTE plant in node 7wte. The remaining 50 kt
of W is moved along edge 2—3 into node 3, where it is located on a
railway and moved by edge 3—7wr for processing at a WTE plant in
7wrte- The next 50 kt of CW is directly processed in node 2 at an MBT
plant and 20 kt of RDF is produced and further transported along

Table 3
The results of scenario 1 for flows identified by the waste type [kt/y].
Edge\producer 1 2 3 4 5 6 7
1-4 50/0/0
1-5 0/50/0
2-5 100/0/20
2-3 50/0/0
3-6 50/0/0
4-5 0/0/20 0/50/20
5—6 0/50/0 100/0/0 0/50/0 300/0/0
6—7 0/35.4/0 0/32/0 0/0.5/0 0/48.3/0 0/133.8/0 150/0/0
5-5rDFP 0/0/20 0/0/20 0/0/20
6-6wtE 0/14.6/0 0/68/0 49.5/0/0 0/1.7/0 0.5/116.8/0 0/48.9/0
7-Twte 0/35.4/0 0/32/0 0/0.5/0 0/48.3/0 0/133.8/0 100/0/0
6-61np 48.9/0/0 1.1/0/0
7-71ND 50/0/0 100/0/0
3-7wre (rail) 0/50/0 0/50/0

Note: The sequence of parameters describing the flow along edges is as follows: W/CW/RDF.
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Table 4
Cost-related results — two scenarios.

Producer Scenario 1 Scenario 2 different weights for producer
The same weights for the producer
Weight Symbol & Unit price [EUR/t] Total price [103 EUR/y] Weight Symbol & Unit price [EUR/t] Total price [103 EUR/y]
1 1 72.080 7208 7 58.380 5838
2 1 74.265 14,853 6 68.110 13,622
3 1 74.270 7427 5 74.740 7474
4 1 74.270 7427 4 57.420 5742
5 1 74.267 22,280 3 77.697 23,309
6 1 74.265 14,853 2 85.685 17,137
7 1 74.270 7427 1 83.530 8353

2—5 and 5—5gppp towards the final treatment into an RDF plant in
node SRDEP.

The previously mentioned results are related to edges and waste
types. As soon as the patterns producer-facility and associated
waste flow within the network are identified, the total treatment
cost for each producer can be evaluated. Transportation costs are
aggregated taking into account all the edges the path consists of
and their related transportation costs. The processing prices at the
facilities (both pre-treatment and final treatment) are added. The
unit and total costs for each producer are presented in Table 4. The
changes in the costs for individual producers are evident when
comparing both scenarios.

It is obvious that the resulting costs do not include the values of
weight parameters as they served only to model the order of the
producer's choices. The choice of having equal weights models an
example of an agreement between producers where nobody has an
advantage due to coming first. Additionally, they have reached the
smallest possible average overall cost. Therefore, the unit costs
displayed in Table 4 are the same for most producers. The price is
slightly lower only for producer 1 since this could be achieved with
a balanced adverse effect on the other producers.

In the second simulated case (Scenario 2), the computed costs
differ from the previous one. Lower costs are reached by producers
who started to choose treatment facilities before the others. There
are exceptions, as producer 7 has lower unit expenses than pro-
ducer 6, who had the opportunity to make his choice before him.
Such exceptions appear in the case of specific differences between
regions (such as distances, reachability, available edges, and so on).

Producer 7 has a better position with respect to the considered
scenario (see the weights and original flows) although his choice is
only made after producer 6. However, the other set up of the
weights may lead to qualitatively completely different results.

5.3. GWP related analysis

This section covers the insight into the GWP changes regarding
particular waste producer for randomly generated weights. The
two previously mentioned scenarios are analysed as well. The
following Table 5 contains the input data of GWP for all treatment
facilities and means of transport.

In the same way, as for the cost analysis, the results for two
selected scenarios with different weights are proposed. The values
for GWP are summarized in Table 6. It is important to note, that the
results are based on the calculation of location problem, where the
objective function considers only cost criterions. The following ta-
ble compares the changes in GWP.

For some producers, the change was insignificant (e.g. producer
2), while in the case of producer 7 it was enormous. The simulation
based on changes in weights can give us information about the
sensitivity of specific GWP per particular waste producer with
respect to scenario changes. Moreover, the risk of higher GWP can
be estimated in some regions in the case of a passive wait-and-see
approach to waste management challenges. Fig. 7 depicts the
sensitivity analysis for 1000 scenarios with randomly generated
weights. These weights were generated from the uniform distri-
bution 6;~U(1,10).

Table 5

GWP input data.
Facilities 11r Tmer 4mBr 41R SRDFP 6w
CO,eq produced [kg/t of W] 0.2 0 0 0.2 -70 -185
Facilities/edges 6LND 61r 7TWTE 7LND Road [km] Rail [km]
CO,eq produced [kg/t of W] 880 0.2 -165 880 0.06 0.004

Note: Heat utilization for 6y and 7,7 are 80% and 60% respectively, for 5gprp 70%, based on Ferdan et al. (2017); GWP for CW transportation is assumed with coefficient 0.7;

emissions of MBT are included in RDFP value.

Table 6
Emission related results — two scenarios.

Producer Scenario 1
The same weights for the producer

Scenario 2
Different weights for producer

Weight Symbol & Unit emission CO,eq [kg/t of W] Total emission CO; [t/ly] Weight Symbol Unit emission CO,eq [kg/t of W] Total emission CO; [t/y]

1 1 -117.94 -11,794
2 1 —128.16 —25,632
3 1 -173.39 -17,339
4 1 -116.16 -11,616
5 1 -1.21 —363

6 1 97.40 19,480
7 1 880.06 88,006

7 —181.8 —18,180
6 —131.59 —26,318
5 -173.15 -17,315
4 —69.4 —6940

3 529.66 158,898
2 —164.54 —32,908
1 —164.94 —16,494
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Note: The box plot displays the distribution of data based on the four characteristics
summary: first decile, first quartile, third quartile, and ninth decile.

Fig. 7. Sensitivity analysis — Box plot for GWP of municipalities.

The base scenario where ; = 1 is depicted by a red cross. The
characteristics of the results were stable after the selected number
of simulations. Municipalities 1—4 have a very low variability in
GWP. They are all in negative numbers and so positive from the
environmental point of view. The lowest interval (first and ninth
decile) for GWP contribution has producer 3 with the length of 9
COgeq kg/t. While the GWP of municipalities 5—7 is much more
variable. Results of scenarios with low weight impact the envi-
ronment with the highest GWP indicator. The large range in case of
municipality 7 is given by two different boundary values, which
regardless of the weights occur. The most frequent GWP contri-
bution lies in the range of 1045 COy¢q kg/t, see Fig. 7. The resulting
values are influenced mostly by the location of treatment facilities.
Such computational approaches can motivate the rational behav-
iour of decision makers relating to waste producers, and hence
support the establishment of new projects in the future.

6. Conclusions and further research

The presented approach shows an option how to track the
commodity flow from the producer to the treatment facility in a
logistic problem where this information is lost due to the merging
and splitting streams in vertices. This task is called a “flow identi-
fication problem” and it is essential for a comprehensive emission
and cost analysis, addressing a single producer. This is beneficial for
governments, producers, investors and operators of processing fa-
cilities due to decreasing target of GWP contribution regarding
treatment of waste. It is an integral part of pre-feasibility and
feasibility studies (assessment of the emission impact for individual
producers, return of investment, risk analysis, and so on). Due to
these factors, it is possible to set real-time targets for the emitted
emission with a link to a specific region. In case of non-fulfilment
the obligation, consequences in the form of penalties might be
applied.

Several straightforward approaches were studied and their
limitations specified, including a simple sequential balancing al-
gorithm, its effects and the benefits of implementing different
types of networks. The uncertainty of getting solution uniqueness
was identified as the most important aspect.

A new approach towards flow identification was proposed,
combining a multi-commodity network flow model with a Monte
Carlo simulation. It is based on a multi-commodity approach
enriched with the idea of the waiting list of producers. Hence, it is
applied to a waste logistic problem.

It is proposed to keep this model separated from the original

facility location problem for practical reasons and an acceptable
computational time. On the other hand, there is an inter-
connectivity between both models, since the first problem provides
the desired constraints for the flow allocation problem. The flow
identification problem represents a certain form of post-processing
the result obtained from facility location problem.

The newly developed approach was demonstrated through the
example involving several producers for cost and GWP analysis. The
average total processing cost in the subjected area was 74 EUR/t and
the average GWP was 37 kg COqeq/t. However, significant local
dissimilarity was stated, where some producers would suffer from
considerably increased treatment costs and GWP contribution. For
some producers, a limited number of preferred options could be
identified, where acceptable costs can be expected. The GWP
contribution varied between —173 and 880 kg COzeq/t. This analysis
enables identification of significant waste producers in the network
regarding GWP. On behalf of this analysis, the response in the form
of planning and support of new projects can be performed. The
results allow not to generalize the overall environmental impacts,
but it is possible to effectively focus the attention to problematic
locations and effectively reduce the impact on GWP contribution.
The mathematical model is stated in general and thus it is suitable
for solving large-scale tasks. The applicability of the presented
approach is broad, especially within the process, logistic and
manufacturing fields. Further research will consider a case study
with real network and hundreds of nodes.
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This paper introduces a novel approach to forecasting future commodity production in hundreds of
nodes, which represents a key input for many applications of supply-chain models. A mathematical
model was proposed to handle the problem of forecasting with spatially distributed and uncertain data.
It is derived from the principle of regression analysis and extended by a data reconciliation technique.
Additional areal constraints guarantee mass conservation in a tree-like structure, which reflects the
organisational arrangement of an investigated region. The proposed model was tested through a case
study, where future production of hazardous waste suitable for thermal treatment was forecasted in 206
base-nodes, 14 superior nodes and one apex. Based on an extensive investigation of historical data, it was
revealed that extrapolations carried out at different levels of the hierarchical organisational structure
lead to inconsistent forecasts. The differences between forecasts reached up to 50%. In addition to this,
mass conservation was violated. Significant corrections were performed by computations utilizing the
formulated model. The corrections ranged from between 0% and 12% for 90% of nodes. There were 17

Thermal treatment

nodes, where massive adjustments of up to 30% were inevitable.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

This contribution addresses issues of quantitative input data
processing prior to a supply chain model (SCM) calculation. As is
explained later on, it tackles the interconnected problem of
extrapolation and subsequent data reconciliation. The paper fo-
cuses on prognosis with the preservation of hierarchical and waste
code aggregations in the field of hazardous waste management. For
this reason, this article starts with a short review of recent
achievements which are relevant to the topic of the paper.

1.1. Quantitative data and their forecasted values as key inputs for
supply chain model applications

SCMs represent an effective concept to optimise processes
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Engineering, Brno University of Technology, Technicka 2896/2, 616 69 Brno, Czech
Republic.

E-mail address: pavlas@fme.vutbr.cz (M. Pavlas).
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where resources and raw materials are first transformed into
desired products and then moved on to the customers. SCM are
employed at several stages of process development covering both
strategic and tactical issues, i.e. investment planning and operation.

Any SCM requires spatially distributed production data (related
to the region of interest). The higher the level of detail, the more
nodes which are included in the calculation network and the more
data which are needed. Many research articles relevant to SCM and
devoted to the various areas of transporting raw materials, fuels,
waste, and so on have been published in the last few years. This
confirms a broad range of applications for this supportive approach
handling various commodities. For example, Balaman and Selim
(2016) presented a comprehensive decision model for the sus-
tainable design of biomass-based renewable energy supply chains.
The aim was to locate and size facilities. The proposed model was
based on mixed integer linear programming (MILP).

A P-graph is another interesting approach related to SCM. In the
paper Varbanov and Fiedler (2008) a procedure for the evaluation
of energy conversion systems is presented. In Vance et al. (2015),
the effort is extended with another sustainability metric, emergy. A


mailto:pavlas@fme.vutbr.cz
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jclepro.2017.06.107&domain=pdf
www.sciencedirect.com/science/journal/09596526
http://www.elsevier.com/locate/jclepro
http://dx.doi.org/10.1016/j.jclepro.2017.06.107
http://dx.doi.org/10.1016/j.jclepro.2017.06.107
http://dx.doi.org/10.1016/j.jclepro.2017.06.107

1318 M. Pavlas et al. / Journal of Cleaner Production 161 (2017) 1317—1328

Monte Carlo simulation was used in Tan et al. (2017) to evaluate the
robustness of a network to variations in system parameters.

Among other areas, SCMs are also relevant to waste manage-
ment (WM). Since this contribution is dedicated to hazardous
waste, the paper focuses on this field in particular. In Ghiani et al.
(2014), the reverse problem was proposed, where the product,
which is now the waste of different types and its individual frac-
tions, is first collected and then transported to places of its inter-
mittent or final treatment. The transport of residual solid waste was
optimised by Chatzouridis and Komilis (2012). One of their key
questions was whether a transfer station should be built or not. A
complex problem was presented in Somplak et al. (2014) which
described the competitive environment in the field of waste man-
agement and where the collection phase was excluded. The issue of
collecting and processing hazardous waste was dealt with by Zhao
et al. (2016). Their case study described the situation in Sichuan
province in China and used an approach based on multi-objective
MILP. Samanlioglu (2013) described a task focusing on the loca-
tion of processing plants and determined the flow of hazardous
waste in selected areas in Turkey. The problem was described by a
multi-objective location-routing model, where the objective was to
minimise the cost and risk to the population.

The mentioned papers perform economic optimisations of the
processes, where the operational cost (or annualised cost in the
case of investment planning of an overall system) is minimised.

In this context, our review revealed that a typical paper pub-
lished in this area dominantly focuses on the introduction of the
mathematical model, highlighting new contributions and features.
The practical impact is typically presented through case studies.
Whereas the region of interest is commonly well described (the
network may be reconstructed by using online maps and more
advanced geographical information systems), the quantitative data
addressing the production of the commodity in each of the nodes
are often only briefly mentioned. Typically, current commodity
availability is provided based on the latest reported data or an
average value from the few last years at the highest regional level.
This value is distributed down to all nodes of the network, for
example using a socio-economic parameter (e.g. population, in the
case of household waste). Based on our knowledge, none of the
papers dedicated to SCMs and its applications stressed the issues of
simultaneous forecasting a commodity's availability in the future
for all nodes in the investigated network. This may be acceptable in
the case of stable commodity availability. The use of current or
average data represents a strong simplification because data
develop over time and future investments are planned by the SCM.
On the other hand, forecasting, especially based on short-time se-
ries (a typical case in SCM applications, not only in waste man-
agement), represents an independent problem (see Section 1.2)
which was studied by many authors in different fields. The
complexity of the problem, even if applied to one time series, is
enormous, which hinders its routine use as demanded by SCM.

1.2. Short-time series forecasting

From a mathematical point of view, there are several approaches
toward estimating beyond the observed data which can be called a
basic time series analysis (TSA). Frequently used techniques are
provided by regression analysis, so in the context of this paper, TSA
represents regression analysis based techniques for extrapolation,
where the sole explanatory parameter is time.

Andow and Kiritani (2016) studied the population dynamics of
17 species of saproxylic beetles in a specific location by using
classical autoregressive integrated moving average (ARIMA)
models. It is a frequently used technique for data fitting or pre-
dicting which generalises an autoregressive moving average model

(ARMA), see Hamilton (1994). These techniques are not appropriate
for a short TSA.

The waste management area usually suffers from a rather short
available dataset (regarding time and one year as a basic time in-
terval). This has a negative impact on prediction quality, especially
when using traditional methods. Forecasting is often devoted to
municipal solid waste (MSW) and its fractions.

The work presented by Ghinea et al. (2016) used a small dataset
prognostic tool, regression analysis and time series analysis for
forecasting MSW generation in lasi (Romania) in 2023, when data
from 2001 to 2013 were used. This study also focused on predicting
the amount of solid waste fractions (paper, plastic, metal, glass,
biodegradable and other waste). A different methodology was used
in the study Intharathirat et al. (2015), which presented an analysis
of possibilities for determining the prediction interval for MSW
production. This was over a long-term period and used optimised
multivariate grey models. Only 13 samples were available here.
Another approach for forecasting based on a set of limited samples
was presented in Xiang and Daoliang (2007), where grey fuzzy
dynamic modelling (combining two forecasting techniques - grey
dynamic model and the fuzzy goal regression model) was used for
the prediction of solid waste generation in a fast-growing urban
area - Beijing (China).

Since the time series (the available data for each node) en-
compasses only a few points (seven in our case study), any attempt
at a rigorous time series analysis of such data is going to result in a
heavily skewed estimate of the real underlying trend.

From the previously mentioned points, a current SCM developer
and user working in the waste management area has to cope with
short-time series. From a statistical point of view, the accuracy of
extrapolation models is rarely guaranteed with a high level of
confidence if the series consists of only a few points. This limits the
direct use of the obtained forecasts in SCM applications. On the
other hand, these models still provide important information about
the trend. They are acceptable from an engineering point of view as
no other models are available and they offer an improvement to
existing approaches which rely on only the most recent reported
data.

All of these approaches forecast data for a single node and
commodity in terms of SCM terminology. Moreover, none of these
extrapolation techniques reflects mass conservation, where, for
example, the sum of values in regions equals the value in a higher
territorial unit. As a result, this leads to inconsistencies (see Section
2). For this purpose, the utilization of a reconciliation technique
appears promising.

1.3. Data reconciliation

Data reconciliation is a frequently used technique for data
balancing and identifying gross errors. It primarily uses mathe-
matical programming techniques, where the weighted least square
errors are minimised, while balance constraints are satisfied. One of
its first applications was in the field of chemical engineering, where
the data reconciliation problem was presented by Crowe et al.
(1983). A further extension of his research was proposed in
Crowe (1996). Many other works have attempted to apply this
method in various industries.

The energy system application in Yong et al. (2016) considers
complete heat exchanger networks within the data reconciliation
scope. Two methods are compared: i) an iterative method using
local non-linear programming (NLP) and ii) a simultaneous method
applying global NLP. In Weiss et al. (1996), an iterative gross error
detection method was proposed, followed by data reconciliation
using weighted least squares on a non-linear and on a linearized
model of an industrial pyrolysis reactor. Jiang et al. (2014)
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presented another mathematical method to evaluate the minimum
isolable magnitude with a required probability for data reconcili-
ation based on gross error identification. The importance of
adequately treating the possible heteroscedasticity of measure-
ment errors was demonstrated in Vocciante et al. (2014). A two-
step approach for error detection and data reconciliation is pro-
vided by Sun et al. (2011). A simultaneous calculation of reconciled
values and gross error detection was described in Korpela et al.
(2016) using the Welsch-estimator and NLP methods. Martins
et al. (2010) proposed a water balance tool for data reconciliation
in industrial processes. They presented a new method based on the
idea that an estimated assumption can be made for any flow rate
based on the best available information (the quality of informa-
tion). Valdetaro and Schirru (2011) used a metaheuristic (inspired
by naturally occurring events) to simultaneously tune the model
objective function, detect outliers and compute the data reconcil-
iation. Zhang et al. (2010) propose sequential sub-problem pro-
gramming strategies for data reconciliation and parameter
estimation with multiple data sets. Based on objective and model
parameters, the construction of a series of sub-problems is per-
formed to solve the optimum of the original optimisation problem.
A paper from Manenti et al. (2011) describes the integrated solution
of different model-based optimisation levels to face the problem of
inferring and reconciling online plant measurements practically.
This was under the condition of poor measure redundancy in
measurements due to the lack of instrumentation installed in the
field. The question of choosing an adequate objective function for
gross error detection and data reconciliation in chemical processes
was studied in Ozyurt and Pike (2004).

To sum up, articles in this field mostly focus on presenting new
approaches for optimisation tasks, specifically reducing the
computational complexity of the models or gross error detection. A
common feature of data reconciliation papers is a fully defined
covariance matrix which reflects the accuracy of the measurement
devices. In this case, a covariance matrix which reflects the re-
gression's quality is needed. Moreover, multiple values for a
particular node must be allowed, where each of these values can
have a different contribution in the matrix.

1.4. Contribution and novelty

The user of the SCM tool has to frequently cope with short-time
series. Each of the mentioned approaches for extrapolation is
interesting and have their strengths and weaknesses. In general,
they provide only rough estimates instead of precise values and
they are of very low practical relevance. Low confidence intervals,
in addition with the complexity of extrapolation even when done
for one time series (i.e. one node and one commodity, see Section
2.2), represent an obvious hindrance to effective forecasting in
SCMs, where such extrapolation is needed in hundreds of nodes.

This paper introduces an approach towards improving fore-
casting in SCM applications. It is considered to be a pre-processing
phase, prior to the main SCM calculations. The principle proposed is
structured as follows:

1. Extrapolation — Non-linear regression is applied to all nodes of
an investigated area to obtain initial estimates on future com-
modity production. As follows from Section 1.1 and 1.2, such an
approach has not been published yet nor has it been practically
applied to SCM. In this paper, we propose an extrapolation
model which was tested for a particular waste type — hazardous
waste. An iterative calculation is formulated with altered start-
ing values, overcoming the problem of local solutions.

2. Reconciliation — the results of the extrapolation are handled as
initial estimates, which are subject to further adjustments. Our

method proposes exploiting mass conservation equations
associated with a tree-like organisational and code aggregation
structure in the reconciliation process. First, the problem of
inconsistent forecasting and mass-balancing in a tree diagram is
introduced. Then a mathematical model for data reconciliation
is formulated and explained (see Section 3). The application of
reconciliation in the field of reverse flow models and data
forecasting is considered to be novel.

The whole procedure is tested through a complex case study,
where hazardous waste produced in many small particular regions
is forecasted, balanced and analysed. This paper was motivated by
an extensive project for the Ministry of Environment of the Czech
Republic carried out by the authors in 2015. The task was to
allocate future capacities for hazardous waste treatment in the
Czech Republic using the application of an advanced network flow
model, called NERUDA (Ferdan et al., 2015). This waste is mainly
produced by the industrial sector. Detailed historical data on
production in particular micro-regions was provided by the
authorities.

2. Extrapolation and inconsistent forecasts

In this section, specific aspects of simultaneous forecasting in a
tree-like structure are introduced for locations of a large
geographical area divided into many sub-areas and their parts.

2.1. Areal aggregation within a hierarchical organisational
structure

Generally, the geographical area of the investigated region is
organised according to a tree-like structure. It is illustrated in Fig. 1
and the real administrative arrangement for the Czech Republic
may be derived from supplementary materials. The diagram, if
based on real data, describes the relationship between nodes
located at different levels of a hierarchical structure.

The idea, further explored in this contribution in more detail, is
to utilise relationships within this tree-like structure to produce
more convenient forecasted values, especially for those nodes
where there are poor results from extrapolation regression models.

Following the tree diagram, the historical base data (i.e., data for
nodes located at L2 level according to Fig. 1) may be aggregated to
generate production at higher levels. This is highlighted by the
sums in Fig. 1 for the apex node (LO) and one L1 level node. This
summation is later labelled as “areal aggregation”. This areal ag-
gregation is commonly used in practise where data for higher
organisational levels (regions, country, see L1 and LO level in Fig. 1,
respectively) are reported as sums of production in all subordinate
nodes. It also means that mass is conserved in the system around
the particular node and its descendants as highlighted by the
boundaries in Fig. 1. In Section 3, there is only one set with all nodes
and tree structure is included in hierarchical matrix.

Whereas base level data often fluctuate, this variability is often
suppressed by areal aggregation at a higher level (compare Fig. 2 a)
and b) for instance).

2.2. Extrapolation

The creation of extrapolation models for all territorial units (i.e.
L2, L1 and LO levels) represents the initial step in the procedure.
Trend analysis applied to historical data was used for non-linear
regression model building and subsequent forecasting of the
amount of waste produced. The model used is generally defined
as:
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Fig. 1. Locations represented by nodes and organised in a tree structure with several levels, where mass conservation is required.

Fig. 2. Various data quality based on the level of detail, an example for particular
waste stream. a) Particular L2 node. b) Apex node (LO).

M = a + bt*, (1)

where t is an independent variable whose values are the year(s) of
waste production, M is the dependent variable giving the amount of
produced waste inyear t, and a, b, ¢ are regression parameters to be
estimated. Additionally, M > 0 is valid.

This type of model was judged to be suitable for the studied area
of hazardous waste and input data is summarised in the
supplementary materials. However, an alternative model could be
more convenient for other types of data. For example, logistic
function is very suitable for streams were a surge in the amount is
observed as a response to recently introduced incentives and new
legislation.

2.2.1. Setup of the algorithm's starting values

The minimization of the sum of square errors (looking for the
least sum of squares) in the non-linear regression model (1) does
not guarantee convexity of the objective function. Only a locally
optimal solution can be found. Some pre-processing effort has to be
made to achieve suitable starting values for the locally convergent
Marquardt-Levenberg similar algorithm to find a globally optimal
solution, see, e.g., Bazaraa et al. (2014). Therefore, the extrapolation
was repeated in several iterations. Parameter a was established on
the basis of the most recently reported data (in our case it was from
the year 2015, see supplementary materials). Parameter b was set to
zero. A uniform probability distribution of U(-3,3) was used to
generate c values. This interval was estimated by our investigation
to be the most suitable since it covers most observed trends in WM.
The mentioned scheme was utilised to repeatedly generate the
algorithmic starting values of c. For each of the s iterations, the
quality of the regression was measured in a standard way as the
sum of least square errors e;;:

2015

gs= > (Mg —Mis)? (2)

t=2009

viel :

where t is the year based on the utilised regression model, m;; is
historical input data for years t (2009—2015) and nodes i, and Mj;, is
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a computed value of waste production in the year t, node i and
specific iteration s.

The results were compared and an extrapolation model (co-
efficients @, b, ¢ ), experiencing minimum ¢;; denoted as &, is
awarded as an initial estimate for the next calculation by the
reconciliation model proposed in Section 3.

For future computations, this pre-processing can also be opti-
mised to improve the regression models as their number can be
quite large for SCM applications and hundreds of nodes. Due to the
extreme time requirements, the selection of initial estimates and
number of iterations may be subject to further enhancement. For
example, the initial values can be obtained by choosing three
typical points and a solving system of non-linear equations to get
the solution values (not necessarily unique) of three regression
parameters.

2.2.2. An evaluation of the extrapolation model's quality
To evaluate the quality of the extrapolation model, we proposed
the following parameter Q;:

Qi _ thTin mlzt (3)

€i opt

where T1 and T2 represent the first and last year, respectively,
where the time series is available, N = T2 — T1, because it is the
number of years for which data are available.

The quality of an individual extrapolation model is expressed by
giopr and Eq. (2). These absolute values are not suitable for
comparing nodes with completely different production. Therefore,
normalisation expressed by Eq. (3) is implemented, where the
average of square productions serves this purpose. The higher the
Qi, the better the extrapolation model which was achieved.

2.3. Discussion on aggregation and forecasting

At this point, extrapolating models on future production are
available not only in micro-regions (L2), but also in all regions (L1)
and for the whole country (LO). There is less data variation at L1 and
LO levels and extrapolation provides models with a better fit (for
example, expressed by Q;). In other words, TSA for larger
geographical areas provides more robust predictions. This is illus-
trated later in the case study.

The mentioned areal aggregation may be applied not only to
historical data but also to extrapolated values. This opens up
alternative ways how to build extrapolation models for nodes sit-
uated at higher hierarchical levels in the tree structure.

This idea is illustrated in Fig. 3. The starting point, located in the
origin of our coordinate system, is established by the historical data
for nodes at level L2 (micro-regions). There are three basic moves
possible in the direction of the three axes (see edges highlighted in
red). These moves are associated with two types of actions: i)
forecasting (— symbol) and ii) aggregation (> symbol). A move
upwards along the vertical axis represents aggregation for various
types of waste. This type of aggregation is mentioned in Section 4,
where the procedure of grouping waste codes was applied to define
investigated streams. There are two alternatives left: For example,
we can take the local forecasts first (base level extrapolation, L2)
and follow the horizontal edge. Then, we can move in parallel with
the depth axis to aggregate the L2 forecasts with the hierarchical
spatial structure. The displayed situation is relevant for aggregation
towards the country level (LO) forecasts, which means that all
forecasts for all L2 nodes were summed. The alternative path starts
with the aggregation of region-related information and is followed
by the forecasting model computations at country level data. In

Fig. 3. Visualisation of the consistent forecasting procedure, where the order of ag-
gregation (") and forecasting (— ) operations do not influence the result.

general, the moves may be ordered arbitrarily. In addition to the
previous steps, intermediate levels (e.g. L1) can be included as
points where the direction is changed. This leads to many combi-
nations and possibilities how to build the final model.

Fig. 3 also illustrates the desired state where the same fore-
casted value is obtained irrespective of the movements along the
box's edges. The group forecast we require for a country is depicted
by the vertex highlighted in bold. It also means that the final
forecast is subject to the areal constraint that represents a mass
conservation, as introduced above.

Unfortunately, it is not possible to guarantee that all models will
be equivalent from a mathematical point of view. This is due to the
treatment of uncertainty in computations, the necessity to use the
non-linear regression models and non-commutative properties of
aggregation and forecasting steps discussed above. This is also
illustrated in Fig. 2 b), where two different extrapolation models
were obtained, resulting in values M1 and M2 for the year 2020.
Model M1 starts at bottom level data and forecasts for all L2 nodes
are performed. Following the mass conservation (applied to future
forecasts), we aggregate the extrapolation's results to obtain a
forecast at LO level. Alternatively, forecasting on top level data was
performed for M2.

We conclude that the result may depend on the order of the
operations, geographically-based sums and level—related extrapo-
lation, because the different models differ by their presence, real-
isations, and treatment of random errors, which are interpreted as a
source of uncertainties. This finding was considered to be a key-
driver to develop a reconciliation technique, where results from
extrapolation are treated as initial estimates.

2.4. Forecasting improvements by implementing the reconciliation
technique

A variety of spatially distributed forecasts (sub-models) for
production at every considered node were obtained separately by
the mentioned basic TSA (based on non-linear regression models).
For nodes at higher organisational levels (i.e. LO and L1 in Fig. 4), the
forecasted values may obviously differ for the various sub-models
(see M1 and M2 in Figs. 2 and 4 for instance). They are consid-
ered to be initial estimates from now. In the next step, they are
subject to further processing by the reconciliation-based model,
leading to consistent and unified, final forecasts (see red stripes and
R in Fig. 4).

From a computational point of view, the balancing itself is
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Fig. 4. The principle of model adjustments and final forecasted values.

inspired by the frequently used engineering principle of least
squares of differences. The same technique is used in many other
areas as summarised in Section 1.3.

A common denominator for the studies mentioned in this sec-
tion is that the process they describe is a steady state, the topology
of the model, mass and energy conservation equations (linear or
non-linear) and that the covariance matrix of the measurement
errors is directly known or can be determined from historical
process data. The problem addressed in this paper differs in these
regards. Instead of a rigorous process and an identified precision of
measurements, a several forecasts are prepared for future values
(possibly from different models/approaches) and the mass balance-
like constraints correspond to certain consistency requirements
(i.e. that the resulting forecasted values for higher hierarchical
structures should equal the sum of the forecasts of its components).
The variability of error for the different forecasts (i.e. in the data
coming into the model) is unknown to us, hence the introduction of
different weights is proposed.

Furthermore, weight parameters are derived and utilised to
equalise the differences between nodes together with an area-
hierarchical relationship approach. We have to emphasise that
this approach allows us to also use other (e.g., more robust) opti-
misation criteria and structural modifications to the related con-
straints. This will be presented in forthcoming papers.

In the mentioned articles about data reconciliation, weights for
each measurement are usually determined on the basis of the
quality of the data measurement and collection, which is generally
not always available. In our case, there are multiple models for one
node. The data are tied to each other and each change affects all the
other elements of the system for industrial processes. For each of
measurements, errors are additionally present and the assumption
is their mutual independence.

In the case of this paper, the production of waste is predicted,
while the value is estimated separately in each location and it has
no effect on other elements of the system. These values are tied up
in the final model, where the data reconciliation is performed. The
aim is to obtain the maximum from the historical data, while the
desire is to exploit a suitable regression model for predicting a
trend (usually non-linear). The key input parameters for the entire
balance task are weights and their choice. This respects the char-
acter of the historical data with regard to their predictability (the
existence of trends in historical data with minimal variability in the
data). For this purpose, a new approach for evaluating the quality of
the models is proposed.

3. Reconciliation model

Since extrapolations performed for all nodes are inconsistent in
terms of mass conservation in a tree-like structure, reconciliation
represents the next logical step. Data reconciliation is basically
mathematical programming and it has been found by the authors
to be a proper approach to deal with the initial estimates and their
adjustments.

3.1. Mathematical model

Before building a model, the following notation is provided with
a description:
sets and indices

iel index of territorial units (nodes)
deD index of particular data set (extrapolation models)
heH index specifying particular area-hierarchical constraint

garameters

Ayp; matrix reflecting the hierarchy of territorial units (nodes)
and waste codes grouping

M;j4 two-dimensional parameter containing data for node i and
data set d (values from extrapolation models for all nodes)

Piq {0,1} indicator of data availability for node i and data set d
w! weights for node i

wh weights for data set d

variables

R; amount waste for node i
e;}; positive part of an error in data for node i and data set d
e;; negative part of an error in data for node i and data set d

With this notation, we have built the following mathematical
model:

. N2 2
[min 3252 winf ((ea)”+ (o)) (4)
Subject to

> AR =0

iel

vheH (5)

Pid(MidJr%—eig—R,-) =0 viel,vdeD (6)
€. eq >0 viel, vdeD (7)
R >0 viel (8)

Eq. (4) represents the objective function, which summarises all
positive and negative squared errors with weights wf for each node
and weights wdD for data set d, which are used to balance differ-
ences. The use of the square of the weight W{» and their construction
is explained further on in Section 3.2.

Eq. (5) follows the idea that some lower nodes i (from L2 or L1)
are part of a bigger node (from L1 or LO respectively) and can also
connect waste codes into groupings. This feature is included in
matrix A;, where h defines a row and corresponds with a particular
area-hierarchical constraint. Each row consists of numbers
{—-1;0;1}, where —1 defines a bigger node for an index i; and
{0; 1} number indicates if it belongs to it or not for the rest of nodes
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with corresponding indices.

There is Eq. (6) which connects the input data M;; with the
decision variable R; and the respective error between them, which
is separated into a positive and negative part (e;}, ej;). The error is
separated to allow easy implementations of the other forms of
criteria, such as the sum of absolute values of errors. The binary
indicator parameter p;; determines whether Eq. (6) with indices i
and d is used or not, which is based on the parameter's data
availability M4, see Eq. (9).

Eq. (7) defines non-negative bounds on variables e}; and e;; .

Eq. (8) states the variable R; as non-negative.

The binary indicator parameter p;4 is defined as follows:

VlEI,VdED Did

_ [0, if Mjg not available or incorrect
= . 9)
1, otherwise.

Use of the least square method is motivated by expert based
advice and by experience with computer science heuristics in en-
gineering. The least square method in its traditional applications,
results in a description where the sum of the square distances be-
tween each of the input data (and the related forecasted or model-
based value) is minimised. The application is illustrated in Fig. 4 for
our case. The initial models (see M1, M2 and all other blue points in
Fig. 4) obtained from TSA and RA are split into groups related to the
points specified by year and location. In other words, each of the
groups which is represented by a grey vertical bar in Fig. 4 is
associated with one unknown parameter, which describes the
point-related waste production. For example, M1 and M2 stand for
initial estimates for production in a particular node. Considering
each of the vertical bars, the initial estimates have to be balanced
(corrected) to provide a final forecast, labelled R (the thicker red
segment of the horizontal straight line). However, the task cannot
be solved in a decomposed way for each of the bars due to the
additional area-hierarchical constraints and related reasons
mentioned above. It is handled by the above-mentioned optimi-
sation model involving both balancing and the discussed con-
straints (Eq. (5)). In this context, Fig. 5 shows a simplified example
of the unknown “hazardous waste amount”, previously displayed
as the first bar on the left in Fig. 4. The final corrected forecast (the R
point on the horizontal axis) is obtained by balancing values from
the two initial models (points M1 and M2). The result, R, is shifted
to the left from M1 and M2 due to the effect of the area-hierarchical

Fig. 5. The balancing principle illustrated as an optimisation task for specific node.

constraints. In our complex interconnected system, the correction
in the first bar introduces secondary deviations in all the other bars.
This effect is illustrated by the visualisation of a “penalty function
based constraint relaxation” for the model in Fig. 5.

One important task is to discuss whether the optimal solution
obtained by classical locally convergent algorithms for the model
Egs. (4)—(8) is a global one. It is a non-linear optimisation model.
Because the node-related non-linear regression models are sepa-
rated from the optimisation model in this text as the related
computations are realised in advance, we can enlist the following
facts:

Each optimisation problem can be characterised from the
viewpoint of linearity and convexity. In the introduced model the
sum of squared errors is minimised. These errors are the differences
between the input data and the resulting modelled forecast. The
minimised objective function is a quadratic convex (see Fig. 5 for an
example). In addition, the areal constraints are linear.

For the above reasons, the minimization of a convex quadratic
objective function (on a convex set specified by linear constraints)
assures the global optimum, which was proved in Giaquinta and
Modica (2012), for instance. Well-developed algorithms from the
field of quadratic programming can be utilised to solve this
problem.

3.2. Locality-dependent weights

With respect to the fact that territorial units have different
areas, populations, and different waste productions, the estimated
errors influence the objective function with various significance
from a waste management specialist's point of view. The model
without weights gives preference to the reduced error in bigger
territorial units in order to minimalize square errors. Errors in
smaller territorial units may increase, which is the impact of het-
eroscedasticity. For this reason, it is necessary to design a system of
weights for individual errors in order to be able to minimise the
impacts of these errors almost uniformly.

Based on these requirements, the goal in the weights con-
struction process is to make all input data equally significant in the
objective function. Several approaches have been applied to solving
these problem and related tests have been performed. Finally, these
weights were constructed in order to normalize errors from input
data. In this case, the effect was achieved by using a square of
weights w{ in the objective function (Eq. (4)) for each territorial
unit, where the weights are the inverse of the average. The weights
for all territorial units then look as follows:

Zpid

deD
S for nonzero " M

viel:  wi={ > M =D (10)
deD
0, for > My=0
deD

When utilizing weights according to Eq. (10), the importance of
errors in the objective function gets normalized.

The weights w’g are generally set according to the quality of the
extrapolation model.

3.3. Computational tests of proposed model

To illustrate and discuss benefit of the model, we present a
special test case at the end of this section. For our explanatory
example, we consider two input data sets specifying waste pro-
duction. The hierarchical regional structure (see Fig. 1) is taken into
the account as defined for the Czech Republic. This means 1 x LO,
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14 x L1 and 206 x L2 (see supplementary materials). The first data
set, M1, represents the original input data from 2015, as received
from the authorities (presented in Section 4 and in supplementary
materials). For each of LO and L1 nodes, the areal constraint is
satisfied in this dataset. The second data set, M2, is generated by
incorporating a random error into M1. The multiplier from normal
probability distribution, N(1, 0.01) was repeatedly generated and
applied. As a result, areal constraints were violated since it is not
possible to guarantee that the values in the L1 node are the sum of
values for emulate random errors in all its LO nodes. In fact, we are
describing a multiplicative model. Areal constraints are violated for
M2 but not for M1. Both M1 and one instance of M2 entered the
core calculation. There were two initial estimates for every node
and the algorithm was tested to see how it addresses these initial
estimates to produce the final result, R.

Before analysing the result, let us briefly comment on the
anticipated results and their interpretation. Considering each node
separately, the average value presented by the dashed line between
M1 and M2 would become the expected result without areal con-
straints. Both models are handled with the same weight and there
is no other information in such reduced computations. On the other
hand, different new relationships between data are involved (see
Fig. 5) and some other results can be obtained that are more
challenging for interpretation. There are four possible expected
results, labelled R1 to R4 as visualised in Fig. 6.

The cases R1 and R2, those near to the original M1 data, are
favoured. Such a result is better than a simple average. In addition,
it ignores M2, which is loaded by error and prefers the original M1
value. On the other hand, R3 and R4 are not welcome as they are
worse than the average of M1 and M2 (see K = 0.5 in Fig. 6). These
cases are unwanted when large errors and, hence, distances be-
tween M1 and M2 appear. Let us emphasise that for small errors
(i.e. small distances between M1 and M2 inputs), even R3 and R4
are not far away from M1, and hence, they are usually acceptable.
The following expert-based empirical criterion was introduced to
analyse the discussed problem:

(IR — M1j)
max(|R — M1, M2 — M1|, R — M2[)’

K= (11)

In the case of the result between M1 and M2, K will be around
0.5 and will indicate the model's choice difficulty.

The test results are displayed in Fig. 7 a), where M2 was
generated repeatedly for 100 scenarios, followed by computations
of optimal solution for model Eqs. (4)—(8) for each of scenarios.
Fig. 7 a) and b) separately displays the results for regions LO and L1
and L2 nodes.

The asymmetry of results in Fig. 7 a) vindicates the benefit of
proposed model by detecting errors on LO and L1 levels. Additional
information from areal constraints is positively utilised LO and L1
nodes, where it was available. Most results are located close to M1
in the region of R1 or R2, i.e. K is close to 0. When we have L2 nodes,

M1 K0.5 M2

—r—r—i i —— O

R1 R2 R3 R4

Fig. 6. A qualitative presentation of possible results.

Fig. 7. An evaluation of the input data's set preference. a) LO and L1 nodes. b) L2 nodes.

we can see the piece-wise uniform preference of the input data. The
symmetry in the data is inherent and a typical 0.5 value was ex-
pected. There is no additional information provided by areal con-
straints for any L2 node since these nodes have no descendants.
Therefore, both the M1 and M2 model are considered with similar
importance. Only some L2 nodes were shifted from K = 0.5 if this
helped to satisfy the areal constraint at L1 or LO level (see the shift
in R to the left in Fig. 5).

Without going into detail, we can also mention some other
observations which resulted from the comprehensive testing:

e The increased standard deviations of the errors do not change

the results qualitatively.

If a systematic error is not included, then the M1 impact on the

total error is about 23%.

e The largest impact on errors came from LO and L1 levels, while
L2 deals with smaller numbers and, hence, its influence is not so
significant.

o The results of the test examples show that the introduced model
Eqgs. (4)—(8) is also suitable for cases containing systematic er-
rors in data sets. A systematic error shifts the result while all
areal constraints are still satisfied and the objective function is
minimised.

e Based on our investigation, the key factor for the quality of a
resulted forecast is the relationship between a random and
systematic error. The empirical conclusion says that with the
increase of systematic errors (compared to random errors), the
tendency is more to the neutral position between the input data
(K=0.5).

There are three final comments to be made about our tests. First,
in the examples where the data shift influenced by a systematic
error was greater than the standard deviation of a random error, the
results do not show better values than the average for M1 and M2's
input data, without areal constraints. Secondly, some iteration re-
sults look better for the average of the input data (K > 0.5) is specific
for particular generated data. Finally, when repeatedly generating
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from the same probability distributions, the average results (for K)
would converge to 0.5, i.e., the qualitatively same R result for the
resulting model and with an increasing importance of the random
error (compared to a systematic error), the total results obtained
from calculations are much better than the averaging of input data
used overall.

4. Case study

Following on from the previous discussion about the proposed
model and solution algorithm's behaviour for explanatory input
data, we shall further focus on its use for a real-world case. The
software implementation of the extrapolation approach and model
introduced in Section 3 and related solution algorithm is called
JUSTINE.

We may distinguish many types of hazardous waste according
to its physical state, composition, heating value and hazardous
traits (toxicity, etc.). In our specific case, we dealt with 380 cate-
gories, denoted by specific codes according to the European waste
code system (European Parliament and the Council, 2000). Each of
these fulfilled one of the hazardous properties defined by European
Parliament and the Council (2008). Data were available for pro-
duction in the last 7 y (time row 2009 to 2015) for each of the codes.
The territory under investigation was the Czech Republic (LO),
composed of 206 nodes, representing micro-regions (L2.X, where X
denotes a specific micro-region). Each micro-region belongs to one
of the 14 regions (L1.Y, where Y denotes a specific region). A time
series for production of each code was available at the lowest
considered level L2, i.e. for each of the micro-regions. To make the
situation simpler and to avoid handling such a large amount of data,
codes of similar properties were grouped into the following
streams of hazardous waste (HW).

HW for incineration (INC)

HW for stabilization

HW for biodegradation

HW for a demulgation/neutralization line

HW for incineration or stabilization

HW for demulgation/neutralization or stabilization.

This grouping is represented in Fig. 3 by the upward move from
the origin of the coordinate system and was done based on possible
methods of treatment process for the individual code. There is no
overlapping between the groups, i.e. each of the codes belongs to
only one group. Since there is no space to provide expanded details
on every group, one of the six groups, titled “INC HW for inciner-
ation” is used as an example in this case study and the subject of the
following text. Other groups are mentioned too if it was a necessity
to comment on results in a broader perspective.

4.1. Input data and pre-processing

For illustration, Table 1 shows input data for the INC stream. A
full dataset for this stream is included in the supplementary
materials. Total production is mentioned for the whole country, a
selected region identified as L1.5 (Liberec region) and in all 10 de-
scendants of this region in the year 2009—2015. Whereas produc-
tion at country level decreased by 23% in this period, one can
observe a completely different trend in the L1.5 region. Here pro-
duction rose by 59%, especially due to a surge in the L2.86 micro-
region (Liberec), which represents the most populated and indus-
trialised city in the whole region. In contrary to municipal solid
waste, the production of HW is dominantly bound to the industrial
sector. There is no correlation between population and INC pro-
duction. Nevertheless, we provide some basic information for

comparison:

e The Czech Republic: 10.55 million citizens, gross domestic
product GDP in 2015 was 169,000 EUR.
e L1.5 Region: population in 2015 was 439,640 citizens.

At first, the data related to Table 1 were verified and extreme
values were identified. They were considered to be incorrect and
were excluded from further computations. To avoid the subjective
role of an expert's opinion in excluding these outliers, Dixon's
statistical test was utilised and a significance level 0.05 was set.
Original values are shown in parentheses (see Table 1). The values
identified as extreme outliers were substituted by the average of
neighbouring values. For example, the value for L2.63 (Jilemnice) in
2011 was replaced by the average values from 2010 to 2012, i.e.,
(334 + 174)/2 = 254. For the extreme values at the beginning or the
end of the considered time period, the neighbouring value was
used, e.g., the value for Turnov L2.177 from 2015 was replaced with
the value from 2014.

Although Dixon's test was suitable for most of the case study's
data, several limitations of its use appeared. The test fails for two
significant outliers in the short-time series (see Table 2) and the
same may happen in for the symmetry for minimum and maximum
data outliers. The following Table 2 repeats the INC waste pro-
duction data of Tanvald micro-region (L2.168), where Dixon's test
did not help to identify the steep growth in the waste production.
According to the results of the commonly used Q-Test, the experi-
enced value was 0.181, which is well below the threshold value of
0.507 (for details see Dean and Dixon, 1951). Consequently, it in-
fluences the whole region L1.5. This impact on the waste produc-
tion trend in the Liberec region puts the focus on the necessity to
continue the discussion on data verification. In this case, the use of
an outlier detection technique that is suitable for a TSA test is
recommended.

4.2. Extrapolation

Extrapolation models for all territorial units, i.e. LO, L1 and L2
nodes, were generated, applying the non-linear regression model
and iterative processes mentioned in Section 2.2.

In addition, the quality of extrapolation models Q; according to
Eq. (2) was evaluated for all time-series involved in our case study.
The results confirmed the assumption of a better model fit for
higher territorial units (LO, L1) compared to base nodes (L2) as was
mentioned in section 2. Table 3 summarises Q; to the average Q
achieved at different territorial levels. Not only INC, but also all
other streams mentioned at the beginning of this section were
included in the assessment.

The value of Q; may be further utilised as weights wdD associated
with every initial estimate (M1) entering the calculation (see Sec-
tion 3, Eq. (4)). Weighting was not applied in our case study as it is a
subject for future computational development and testing. As
mentioned in Section 2.2, the higher the Q;, the better extrapolation
model achieved and further used for constructing the weights wdD.
A future research challenge is to establish a minimum threshold
value of wdD. If this is not done, weights close to zero cause massive
corrections by the reconciliation and, in fact, lead to unrealistic
solutions.

4.3. Balanced results

The results of the extrapolation are summarised for our region
in Table 4. Further details can be found in supplementary materials.
First, initial guesses for 2020 were calculated by the extrapolation
models. In addition to this, alternative initial estimates were
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Table 1

Hazardous waste for incineration (INC); production data in the investigated region [t/y].
Node name Node ID Superior node Year

2009 2010 2011 2012 2013 2014 2015

Czech Republic Lo N/A 437,748 334,739 385,367 271,165 292,015 322,050 338,407
Liberec region L1.5 LO (CZE) 8,645 9,958 12,098 10,560 11,377 10,501 13,718
Ceska Lipa L2.21 L1.5 2,806 2,213 2,090 3,441 2,387 2,423 2,701
Frydlant L2.35 L1.5 717 1,049 2,419 979 1,749 1,610 1,121
Jablonec/Nisou L2.57 L1.5 1,181 1,193 935 1,138 1,051 1,592 1,103
Jilemnice L2.63 L1.5 235 334 254 (662) 174 225 174 261
Liberec L2.86 L1.5 2,738 4,022 4917 3,896 4,868 3,440 6,359
Novy Bor L2.114 L1.5 235 263 170 162 252 213 268
Semily L2.152 L1.5 154 372 269 238 301 227 518
Tanvald L2.168 L1.5 95 72 128 127 118 318 373
Turnov L2.177 L1.5 454 393 482 368 388 465 465 (951)
Zelezny Brod 12.205 L1.5 29 47 26 37 38 40 62

Table 2

Dixon's test applied to INC HW production in the Tanvald micro-region L2.168.
Production [t/y] Q-Test result Q-Test threshold
2009 2010 2011 2012 2013 2014 2015
95 72 128 127 118 318 373 0.181 0.507

Table 3 L1.11, where the difference is more than 50% (for details, see

The average values of Q achieved for various territorial units. supplementary materials). At the same time, the quality of the M1
Level L0 L1 2 model expressed by Q is significantly lower compared to other L1

ions. Fig. lementary materials).

Q value [ Py 03 22 regions. (See Fig. 8 and supplementary materials)

determined for territories at a higher level (L1, LO) in accordance
with Section 2. In fact, M2 represents the sum of M1 forecasts for all
descendant locations. Referring back to Fig. 3, the following
sequence of the symbol may be used for M1 (}_; —) and M2 (—;
>7). The difference between M1 and M2 was also evaluated for
comparison.

In this case, there are nearly negligible differences of 0.2% and
0.7% between M1 and M2 for LO and L1.5. However, there is no
guarantee that similar positive results would be obtained in all L1
regions. This is documented in the next Fig. 8 and Fig. 9. Whereas
for most of L1, the difference is very low (up to 2%), there are a few
where the gap is significantly higher. The highest was identified in

Table 4
Forecasted production of INC stream for the year 2020.

The results confirm that it is not possible to secure, from a
mathematical point of view that all models will equal due to the
uncertainty-related reasons discussed above. This real-life data
case justifies the application of the proposed computational tool,
which can handle different models at different territorial units.
Such a model was proposed in Section 3 and used on our data.

For our tree-like structure, there were 206 M1 models for 206 L2
locations. Their confidence level expressed by Q; was different. In
addition, forecasted values for 14 L1 and one LO region entered the
core-calculation. On the other hand, M2 models were not used as
initial estimates since they were substituted by areal constraints
(see Eq. (5)), which represents a mass conservation equation for a
region and all of its sub-regions. It is of the same meaning as M2.

The calculation was made on a computer with Intel(R) Core(TM)
i7- CPU @ 3.40 GHz.

Node name Node Superior Trend 2020 [t/y] M1 (}; Criterion quality M1  Trend 2020 [t/y] M2 (—; Difference M1 and Prediction 2020  Difference R and
ID node —) [-1.Q ) M2 [t R M1
CR LO N/A 312,483 34 313,722 -0.2% 320,221 2.4%
Liberecky L1.5 LO 12,786 6.1 12,614 0.7% 12,542 —1.9%
kraj
Ceska Lipa 221 L15 2,694 1.1 N/A N/A 2,679 —-0.6%
Frydlant L2.35 L1.5 1,524 0.3 N/A N/A 1,515 —0.6%
Jablonec/ 12,57 L15 1,236 13 N/A N/A 1,229 —0.6%
Nisou
Jilemnice L2.63 L1.5 199 0.7 N/A N/A 198 —0.6%
Liberec [2.86 L1.5 5,378 09 N/A N/A 5,347 —0.6%
Novy Bor [2.114 L1.5 220 0.9 N/A N/A 219 —0.6%
Semily L2.152 L1.5 534 0.3 N/A N/A 531 —-0.6%
Tanvald [2.168 L1.5 335 0.1 N/A N/A 333 —0.6%
Turnov 12.177 115 427 2.7 N/A N/A 425 —0.6%
Zelezny L2.205 L1.5 67 0.6 N/A N/A 67 —0.6%
Brod

Note: The difference between models M1 and M2 was determined as [M1 — M2| divided by the average from M1 and M2. This was also done for R and M1.
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Fig. 8. The difference between the values of the models' prediction for L1.

Fig. 9. Inconsistency in models M1 and M2 for L1 level.

The computational times for the areas (LO, L1 and L2 — together
221 nodes) and 6 categories (total 380 waste codes) were as
follows:

e Forecasting future waste production (see Section 2) —386
(380 + 6) x 221 (206 + 14 + 1) computations performed in total
with 10 different starting values with an average time of 0.543 s
results in a total calculation time of 5.4 d.

e Reconciliation of forecasted values (see Section 3) — only one
calculation with input data loading time 240 s and solving time
150 s.

The result (i.e. the final corrected forecast) for the studied region
is depicted in Table 4 in column R. Initial estimates for LO (country)
were increased. Even though there was a very small difference
between M1 and M2, this was necessary. In other words, much
more serious deviations at L1 and L2 level were prevented. The
results also revealed a significant correction minus of 1.9% for L1.5
(Liberecky kraj). As a result, corrections in all micro-regions
belonging to L1.5 were kept at a minimum. The same correction
of minus 0.6% results from applied normalisation by utilization of
weights (see Eq. (10)).

Significant changes were made, as can be further examined in
the supplementary materials. The corrections ranged from between
0% and 10% for 86% of nodes with average of 3%. The adjustments
for the rest of nodes ranged from between 10% and 31.2% and were
caused due to the especially low quality of extrapolation models.

Taking into account all types of waste, the corrections ranged

from between 0% and 12% for 90% of nodes. There were 17 nodes
where massive adjustments up to 30% were inevitable.

5. Conclusion and future work

A complex approach to handling the problem of spatially
distributed, incomplete and uncertain data forecasting was pro-
posed. It combines several steps which provide data quality
assessment, trend series analysis (to provide extrapolated future
values) and initial estimate corrections via a data reconciliation
model.

The investigated problem was considered at different territorial
levels (regions, micro-regions and their parts), where an organ-
isational structure is described by a tree diagram. Areal data ag-
gregation was performed in accordance with this tree diagram for
both historical data and forecasted values. Considering the different
levels of detail, additional constraints called “areal constraints”
were introduced and used as a main element in the reconciliation
model. These constraints, which are linear, represent mass con-
servation equations in the tree structure and they cause corrections
of the forecasts in nodes where historical data and regression
models are uncertain. The objective function to be minimised is
based on the least square principle traditionally implemented in
industrial data reconciliation.

The principles and benefits of the proposed model and related
computational algorithm were implemented into software called
JUSTINE and its benefits were explained through a case study in
waste management, where future amounts of hazardous waste
suitable for thermal treatment was forecasted for 206 micro-
regions, 14 regions and the whole country of the Czech Republic.
The case study revealed that extrapolations carried out at different
levels of the hierarchical organisational structure lead to inconsis-
tent forecasts. The differences were subject to the qualities of
extrapolation models, which were measured by a newly developed
criteria Q.

The proposed approach is suitable for many applications of
supply-chain and network flow models where future amounts of
commodities (the flow of which is optimised) are to be forecasted
for a lot of nodes.

Our case study dealt with several waste streams. They were
without interactions. The proposed algorithm also handles issues
comprising several interconnected streams, where components
overlap between streams. Municipal solid waste represents a good
example as it consists of several fractions, such as paper, plastics,
biowaste, mineral, and so on.

Future work will focus on extending the model to handle such a
multi-commodity problem.
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Abbreviations

ARIMA Auto-regressive integrated moving average

ARMA Auto-regressive moving average

BAU Business-as-usual scenario

BIO Bio-waste

CA Correlation analysis

CE Circular economy

CEP Circular economy package

CZE Czech Republic

GLA Glass

GLM Generalised linear model

MSW Municipal solid waste

NN Neural networks

PAP Paper

PLA Plastics

RA Regression analysis

RES Residual solid waste

RESpap Paper in residual waste

RESp; o Plastics in residual waste

RESg A Glass in residual waste

RESqry Other fractions in residual waste

SE Separation efficiency

SEP Waste collected as separated

SEPgio Bio-waste collected as separated

SEPp,p Paper collected as separated

SEPp; A Plastics collected as separated

SEPg; 4 Glass collected as separated

TOTALgp Total amount of waste collected as separated

TSA Time series analysis

ke K Set of micro-regions

JEJ Set of regions

teT Set of time periods

X Waste production in micro-region k

S Prediction model for micro-region k

F; Prediction model for region j

my Prediction model for micro-region k in spe-
cific time period

MJ * Prediction model for region j in specific time
period

L, Specific time period

my Corrected value of prediction model for
micro-region k

er Correction for micro-region k
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M; Corrected value of prediction model for
region j

el Correction for region j

Si opt Defines the sum of least square errors

0 Quality of extrapolation model criterion

a,b,c Regression parameters

N Number of years

T,,T, First and last point of time series

d;, Historical data of time series i in the year ¢

e Euler’s number

Statement of Novelty

This paper introduces an approach toward forecasting munic-
ipal solid waste and its fractions in a large geographical area
divided into subregions. Recyclables as paper, plastics, glass
and their contents in residual waste is modelled in a new
way. In addition, current and future residual waste composi-
tion and separation efficiencies are predicted. The approach
combines several techniques of statistics and optimization.
Additional constraints are newly proposed for a tree-like
structure, which secures that amount of waste produced in all
subregions is equal to amounts produced in a region consist-
ing of these subregions. The developed approach contributes
to analysing rational recovery targets and, at the same time,
it exploits examples of good practice from regions with high
recovery rates. The case study is solved.

Introduction

Whereas developing countries face increasing production
of waste and are in the process of establishing organised
waste treatment systems, in the EU and in other developed
countries the so-called circular economy (CE) is widely dis-
cussed as a concept with minimised waste production and
maximum secondary sources utilisation. The initiative is
implemented into legislative by so-called circular economy
package (CEP). Within the framework of CEP, the amended
Directive [1] introduces ambitious goals in municipal solid
waste (MSW) recycling. Whereas meeting the goals will be
monitored on the country level, measures have to be imple-
mented at the micro-regional and municipal level. Similarly,
current separation efficiency and its future progress have
to be monitored on this level of detail, too. It is believed
that CE will change needs on infrastructure that processes
gathered waste streams and produces desired semi and final
recycling products.

Regardless of the geographical area in question, be it
a developing country or an EU Member State, the basic
assumption for qualified and efficient decisions and
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consequently also policy settings in waste management
is the availability of quality forecasts. Estimates of the
amount of MSW serve as a basis for infrastructure plans
(landfill, waste-to-energy, advanced sorting lines and recy-
cling systems and their combinations) and provide inputs for
advanced modelling tools. Inaccurate forecasts can lead to
an increase in construction costs or operating costs (waste
collection and processing).

The paper is focused on simultaneous forecasting
on MSW amounts in fragments of a large geographical
area. The outcomes of the methodology proposed can be
beneficial for (i) analysis on future waste management
concepts of a particular region; (ii) complex modelling
of waste flows between producers and processing plants
within one or more regions. Therefore, a brief review
on state-of-the-art in reverse models is provided first
highlighting poor pre-processing of quantitative data on
production. Since the problem relates to forecasting in
waste management in general, recent works published
in this field are provided first. Limitations of frequent
approaches are highlighted. Finally, based on a research
gap identified, the contribution of this paper is introduced
at the end of this section.

Reverse Models—Tools for Waste Management
Improvements

Reverse models, which are a special case of supply chain
models, focus on the pathway of used products back from
customers, as described by Ghiani et al. [2]. Reverse mod-
els are promising and often used tools for optimisation of
networks in waste management as highlighted by [3]. There
have been several works published on this issue. Since they
involve analysis of a network comprising 10? to 10° nodes,
we focus on how waste quantities are addressed here. Rudi
et al. [4] presented a case study application of a biomass
value chain design for the tri-national Upper Rhine Region.
The task was based on mixed integer linear programming.
It took into account household waste (incl. a fossil frac-
tion). Even though, future scenario 2030 is modelled, the
allocated quantities related to 36 locations are not provided.
Zis et al. [5] focused on municipal solid waste generated in
remote areas and examined alternative options for its treat-
ment. The research focused on 13 small Greek islands. It is
claimed, that a regression estimate model was constructed
(as it provided the best fit) to predict waste generation until
the year 2040. No details on waste quantities are provided.
Saif et al. [6] focused on optimisation of system with transfer
stations handling organic MSW operated in 5 locations of
the central west part of Mexico. The available waste amounts
are mentioned for each of the locations without providing
any details. Galan et al. [7] oriented on construction and

demolition waste. The aim of the paper was to identify the
locations and capacity of the transfer stations and process-
ing plants and the corresponding distribution network.
Fifty-one municipalities of the Cantabria region in Spain
were included. The waste quantities were simply considered
proportional to the population, based on an average annual
amount produced in the whole region.

Gathering waste production data and its reprocessing
into a suitable form are crucial steps leading to the practical
application of any optimisation tool for modelling future
improvements in waste management. Regarding network
flows modelling generally, the situation is complicated due
to:

e Forecasting is inevitable since the calculation focuses on
future state modelling.

e Waste quantities have to be known for all nodes of the
investigated region.

e There are interactions between streams. MSW consists of
several sub-streams and fractions, such as paper, plastics,
bio-waste, mineral, etc. Some of them are recyclables,
and these are collected separately within various col-
lection systems (containers, bring-in systems, kerb-side
or a combination thereof). Efficiencies in the systems
may differ; however, they are supposed to increase over
time, resulting in higher rates of recyclables and a lower
amount remaining in residual solid waste (RES).

Approaches Towards Forecasting MSW

There have been several works published on the topic of
MSW quantities modelling and forecasting. They come from
different countries and regions and employ different statis-
tical techniques. Regression analysis (RA) or time series
analysis (TSA) are often employed, and sometimes both are
combined. A comprehensive review on this topic was pub-
lished by Beigl et al. [8] in 2008.

The RA implemented in a large number of models explain
variations in production among producers. A wide range of
independent (explaining) parameters is tested to find those
with the most significant impact. These often include gross
domestic product, income, share of different types of hous-
ing, type of heating, tourism rate, container distance, etc.
The correlation analysis (CA) is often performed for the
choice of regressors.

CA and RA have been frequently practised. Both were
applied recently in the study undertaken to evaluate the
quantity and composition of household solid waste to iden-
tify opportunities for waste recycling in Can Tho city, the
capital of the Mekong Delta region in southern Vietnam [9].
Similarly, Lebersorger and Beigl [10] identified and quanti-
fied differences in MSW production and collection on the
municipal level in Province Styria, Austria. Socio-economic
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indicators were involved. A large set of 116 indicators from
542 municipalities in Austria was investigated. Li et al.
[11] introduced a model, based on the interrelationships of
expenditures on consumer goods, time distribution, daily
activities, residents’ groups and waste generation, to esti-
mate MSW generation by different activities and resident
groups in Beijing. Geographically weighted regression was
applied to predict MSW production in Turkey [12].

Regarding forecasting, knowledge of explanatory param-
eters opens new opportunities for an indirect change of
future course of the production. Initiatives for encouraging
desired trends of explanatory parameters may be discussed.
Alternatively, the explanatory parameters may be forecasted
and results may be introduced into the regression models to
forecast waste production.

RA, if employed correctly from a mathematical point
of view, requires that strict conditions are met before RA
may be applied. Among others, the residues were supposed
to be of the normal distribution, see Ruckstuhl [13] for
nonlinear regression. These conditions may be relaxed by
more generalised ones resulting in the generalised linear
model (GLM) [14]. GLM can solve problems other than
just the normal distribution of residues, for example, the
problem of residues heteroscedasticity, multicollinearity
and distribution of residues. Guisan et al. [15] collected
information about GLM and discussed utilisation of sev-
eral new approaches, such as GLM in a regression tree.
GLM can also be successfully applied in nonlinear mod-
els, as Lane [16] showed. Zhang et al. [17] summarised
the possibilities of neural networks (NN) as an alternative
forecasting approach, Abbasi and Hanandeh [18] dealt
with other artificial intelligence algorithms. Azadi and
Karimi-Jahni [19] verified NN and multiple linear regres-
sion (MLR) predictive models by four performance meas-
ures. NN model showed higher accuracy in the sense of
mentioned measures for the chosen case study. The classi-
cal methods are sometimes combined, grey model together
with TSA was successfully implemented for estimation of
waste production in Xiamen City, China [20]. The con-
sideration of variables such as demographics and socio-
economic factors is not needed.

The above-discussed methods (RA, GLM, NN) require
independent variables. In addition, independent variables
should be available from all the regions. Since the socio-
economic data are very often available only on the state level
or for large regions, this situation discards RA involving this
kind of variables from any investigations with micro-regions
and small territorial units. TSA employs time as the sole
explanatory parameter. Waste amounts in previous years are
investigated to develop a model which describes the varia-
tion over time. Forecasts are then derived by extrapolating
historical data.

@ Springer

Fig. 1 Investigated geographical area represented by hierarchical tree-
like structure (simplified after [29])

Some articles dealt with waste production forecasts for
detailed time steps ([21] in time steps of 1 week). A shorter
time interval is inevitable when waste collection systems
are optimised. Extensive data processing to predict waste
production in Finland was described by Korhonen and
Kaila [22]. Socio-economic factors can significantly affect
the amount of generated waste. For example, the influence
of tourism on the production of waste was discussed by
Arbuld et al. [23]. Mwenda et al. [24] analysed, compared
and selected the best time series model for forecasting the
amount of solid waste generated in the city, Arusha (Tan-
zania) by using ARMA (auto-regressive moving average)/
ARIMA (auto-regressive integrated moving average) and
exponential smoothing models. Here only tens of samples
were available for forecasting. Monthly production between
2008 and 2013 was analysed.

The work presented by Ghinea et al. [25] used a small
dataset prognostic tool [26] combining RA and TSA for fore-
casting MSW generation in Iasi (Romania) in 2023 with
the use of data from the period 2001 to 2013. This study
also focused on predicting the number of solid waste frac-
tions (paper, plastic, metal, glass, biodegradable and other
waste). A different methodology was chosen by Intharathi-
rat et al. [27] who presented an analysis of possibilities for
determining the prediction interval for MSW production.
This analysis was conducted over a long-term period, and it
used optimised multivariate grey models. However, only 13
samples were available here.

From a mathematical point of view, accuracy is secured
only for series with a large number of values. Concerning
strategic decision-making, which this paper focuses on, the
time series method for waste production (which are reported
on an annual basis) are often too short because older data are
not available. Any attempt at a rigorous TSA of such data
results in a heavily skewed estimate of the real underlying
trend, and hence, is of limited use. There is also the practical
impossibility of stage-wise identically independent probabil-
ity distributions of random errors or homoscedastic random
errors as it is required by ARMA models [28].
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As a consequence, a precise data analysis is nearly impos-
sible, and the only component which can be observed is the
trend one. Therefore, this technique is preferred to model
large data, that is data gathered within a shorter period
(daily, hourly, etc.) to support tactical and operational
decisions.

Contribution of this Paper

In this contribution, an approach towards forecasting of
MSW streams and their parameters is introduced.

From the previously mentioned points, we may assume
that strict assumptions limit RA applications. Regarding
TSA, one has to cope with short time series. From a sta-
tistical point of view, the accuracy of extrapolation models
is rarely guaranteed with a high level of confidence if the
series consists only of few points. Despite this setback, these
models do provide important information about the trend.
Therefore, they are acceptable from an engineering point
of view as no other models are available, and they offer an
improvement to existing approaches.

In comparison to previously published works, this is done
for a large geographical area consisting of up to hundreds of
points, where waste is generated (see L2 for micro-regions
in Fig. 1). The division of the region has been inspired by
the official European NUTS (Nomenclature of Units for Ter-
ritorial Statistics) and LAU (Local Administrative Units)
system. The level LO corresponds to NUTS 1 which repre-
sents the national level. Next level, L1 signifies the NUTS 3.
But the most detailed structure relevant for this paper is L2,
which is the organisational structure of the Czech Republic.
It does not have the equivalent in the European NUTS and
LAU system. The problem is not decomposed. Instead, it
is solved simultaneously for all nodes and desired param-
eters. Simultaneous forecasting of MSW and its components
seems to be inevitable for the following reasons:

e [tis a multi-component system where components inter-
act.

e Regression models are limited by unavailable socio-eco-
nomic data from micro-regions.

e Short time-series hinder formulation of reliable extrapo-
lation models.

e Simultaneous forecasting, if done in the tree-like struc-
ture, can be used effectively to overcome poor extrapola-
tion quality, for details see Pavlas et al. [29].

To our best knowledge, such an approach has not been
published before, and therefore it may be considered novel.
The approach extends the idea of application of reconcilia-
tion technique based tool presented by Pavlas et al. [29], see
Section “Reconciliation Technique Based Tool”. Whereas
uncertainty related to poor extrapolation models was

introduced and discussed by Pavlas et al. [29], the extension
of the algorithm presented in this contribution is done in
terms of handling:

e The multicommodity problem (see Section “Waste Com-
position and Composition Constraint”) and proposal of
composition constraints.

e Incomplete data by two-level methodology (see Sec-
tion “Regression Models to Get Complete Information”).

e National targets are cascaded down to regions and micro-
regions. Specific local aspects of these subparts are con-
sidered. On the other hand, the realistic performance of
individual regions is used to define rational national tar-
gets.

The proposed approach can be applied for investigations
of a particular area. However, it can also support reverse
logistics model. Simultaneous forecasting of the waste
amounts for the large geographical area, and its subregion
can serve as inputs for reverse logistics models.

Materials and Methods

A balancing tool based on a reconciliation technique is
introduced first in this section. Then its extension towards
a system enabled handling of several fractions within the
interconnected system is discussed next. Finally, the most
crucial steps of the algorithm are pointed out in more detail.

Reconciliation Technique Based Tool

Pavlas et al. [29] discussed the varying quality of extrapola-
tion models, especially the varying quality caused by the
short time series. The paper focused on hazardous waste.
However, similar issues are concerned with other waste
streams, including MSW and its fractions. The original prob-
lem was denoted “uncertainty of forecasted values” since
it meant a challenge to make any projection by using TSA
[29]. The problem was linked to the extreme variability of
historical data and the effects of random components. Also,
outliers must be identified and handled.

The uncertainty was reported quantitatively, and it was
demonstrated that the quality of forecast increases with the
level of data aggregation. Data on hazardous waste produc-
tion available for the Czech Republic (CZE) and its organi-
sational units (see LO, L1, L2 in Fig. 1) was analysed.

Extensive investigation of this dataset also revealed a vio-
lation of mass-balances in a tree-like hierarchical structure
which describes the organisational arrangement of the inves-
tigated region. In other words, the following basic
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Fig.2 Basic idea and two func-
tions of system for forecasting
waste amounts of MSW

assumption was violated if extrapolated values were treated:
The sum of forecasted values for all lower organisational
units in the region must be equal to the result of the forecast
performed on the aggregated data of the region. Further
investigation revealed that the achievement of a full consist-
ency is not guaranteed even from a mathematical point of
view. Nonlinear extrapolation models do not generally meet
the rule Eq. (1), that is m; is not equal to Mj* (Eq. (2)):

> filtx) :Fj<t,2xk>,\7’t€ T, (1)

kek kek

m = fi(t, %), Yk € K; M7 = Fj<t,, Zxk>,\1j el. @

kek

my =m; +¢e!,Vk € K; M; =M +¢/',Vj €J. 3)
The parameters x, indicate productions; the functions f;
and F; determine prediction models for micro-regions (L2)
k and for superior territory j (L1 and LO), respectively;
parameter 7 specifies the time. Based on Eq. (2), m; and M;*
denote the prediction model in a specific time period ¢, for
micro-region k and region j, respectively. To ensure the
validity of Eq. (1), the values m; and MJ *are corrected by €7
and e?” in Eq. (3). This adjustment maintains the validity of
relati'onships in the hierarchical structure, as Fig. 1 shows.
Reported uncertainty at a lower level (quality of extrapo-
lation models was often low) was reduced by newly pro-
posed areal constraints. It guarantees mass conservation
in a tree-like structure. Additional information from areal
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constraints is positively utilised to produce more reliable
forecasts. Deviations are realised by a data reconciliation-
based tool.

Extension Towards Modelling A Multi-Component
System

In this paper, the original algorithm, also called Justine, is
adjusted to handle so-called multi-commodity system, where
components overlap between observed streams. MSW repre-
sents a good example as it consists of several fractions (see
section “Waste Composition and Composition Constraint’).
For simplicity, let us considered only the following fractions:
paper (PAP), plastics (PLA), glass (GLA) and bio-waste
(BIO). Generally, these fractions may be either gathered as
separately collected recyclables (SEP, for example by kerb-
side collection systems) or they may contribute to residual
waste quantities — RES. RES comprises paper (RESp,p),
plastics (RESp; 5), glass (RESg; 4) and others (RESqry).
Whereas SEP streams are candidates to subsequent refining
through sorting processes to prepare recyclables, the latter
residual stream is subject to limited material recovery pos-
sibilities. RES stream is preferred to energy recovery. Each
of the fractions can be further composed of other elements.
For example, PLA consists of foils, 3D-hollows, PET of dif-
ferent colours, etc. This fractioning was not considered for
demonstration reasons in this paper.

In this respect, the algorithm was extended by the
following:

e RA is providing models, which are later on used to get
complete information for all nodes, including nodes
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Fig.3 MSW fractions rates distributed in investigated region of CZE [kg/(cap-y)], L2 detail, data 2014

where input data is missing (see Function B in Fig. 2
and section “Regression Models to Get Complete Infor-
mation”).

e Extrapolation techniques for data on various levels of
detail (see Function B in Fig. 2 and section “Trend Series
Analysis—Initial Models Generation”).

e Specification of newly formulated composition con-
straints (see Eq. (4) through Eq. (11) and section “Waste
Composition and Composition Constraint’).

e Modification of reconciliation-based balancing model
(see section “Balancing and Corrections of Initial Esti-
mates”).

At this point, the main aim of Justine concerning practical
application on MSW is mentioned. It is illustrated in Fig. 2
as the main function A in the upper part of the figure. The
aim is to forecast future waste amounts and composition
(SEP, RES and its fractions) in various locations (see A, B,
C, D, E) while taking into account current specific features
of the localities (housing, economic and population changes,
etc.) and their expected future development. The analysis is
covered by prediction models (TSA or RA).

However, the forecasting can only be performed if all cur-
rent input data is known. In this case, we talk about the com-
plete dataset. Oppositely, the incomplete dataset means that
some information is missing and not all information from

all locations is available. Particular information is available
only from a few geographical units. And here, the auxiliary
function of the approach (see the lower part of the Fig. 2)
is appreciated. The incomplete dataset is transformed into
complete information by assessing missing data. The assess-
ment is done by RA, and this step is described in more detail
in section “Regression Models to Get Complete Informa-
tion”. This function is considered as an initial phase which
precedes the forecasting. However, in some applications, it
acts as a standalone analysis. For instance, see [30], where
it was applied to predict current metal, and glass content in
RES collected from several micro-regions. The result was
then compared with bottom ash investigations from waste-
to-energy facilities.

Input Data
Yield and Production Data

First, let us review the input data. Essential inputs for a par-
ticular case addressing household waste are as follows:

e separated paper yield (all points, all levels (LO to L2),
several years),

e separated plastic yield (all points, all levels (LO to L2),
several years),
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e separated glass yield (all points, all levels (LO to L2, sev-
eral years),

e separated bio-waste yield (all points, all levels (LO to L2),
several years) and

e residual waste amount (all points, all levels (LO to L.2),
several years).

The L2 level is considered as a base level in this paper.
Following the tree diagram (see Fig. 1), the historical base
data may be aggregated to generate productions on higher
levels. The aggregation is highlighted by the sum in Fig. 1.
This summation was labelled as “areal aggregation” in
[29]. This areal aggregation corresponds to the adminis-
trative division where data for higher organisational levels
(regions, country, see L1 and LO level in Fig. 1, respectively)
is reported as sums of production in all subordinate nodes. It
also secures that mass is conserved in the system around the
particular node and its descendants, as required by Eq. (1).

An example of spatially-distributed data for the CZE, the
year 2014 and level of detail L2 (micro-regions) is illustrated
in Fig. 3. The production is expressed as specific per capita
and year [kg/(cap-y)].

The current collection rates can be summarized as fol-
lows: PAP 17.5-30.0 kg/(cap-y); PLA 10.1-14.5 kg/(cap-y);
GLA 10.2-13.3 kg/(cap-y); BIO 19.9-58.9 kg/(cap-y). The
lower and upper values are represented by 25 percentile and
75 percentile, respectively.

The time series exists for each territorial unit (LO, L1, L2)
and also for each waste type RES, PAP, PLA, GLA, BIO.
Each of the L2 regions commonly makes provision of such
data. Therefore this data is denoted as “complete”. In our
case, the task encompasses 206 time series at L2. Consider-
ing an organisational structure, additional aggregated time
series were generated: 14 on L1 and one on LO level.

Data fluctuation varies from region to region, which is
essential for the forecasting step. This topic is covered in sec-
tion “Trend Series Analysis—Initial Models Generation” in
more detail. Therefore, the quantity of data is “complete” and
“uncertain’.

Additional and very valuable input information is on resid-
ual waste composition.

Waste Composition and Composition Constraint

Often, this type of data is available only from a few points,
since the complex waste composition analysis is labour and
time-consuming. Also, the result is only relevant to the specific
period and a particular location. Therefore, this data is denoted
as INCOMPLETE and also UNCERTAIN. Uniform method-
ology on composition analysis is often missing. For instance,
it is standardised by ONORM Serie S 2123 in Austria. The
analyses often have different objectives, and results are not eas-
ily comparable. However, every composition analysis provides
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useful information, which can positively contribute to more
precise models if integrated into the complex system as pre-
sented in this paper.

There is a strong difference in the composition of waste
produced in cities and villages. The cases were studied in
many papers, such as [31]. Key aspects are the overall MSW
production and current level of primary sorting by produc-
ers. Whereas developing regions report high bio-waste shares,
developed regions and related consumerism increase the pro-
duction of packaging materials like paper and plastics. The
production (sum of RES plus SEP) is proportional to the
economic power of the specific territory, Bandara et al. [32]
shows. The economic power can be measured with the gross
domestic product on the country level or similar parameters
for smaller geographical areas, for example, average income,
living standards etc. The correlation of waste amounts with
economic power may be shortly disturbed by the rise of public
awareness of waste reduction and similar educative actions.
On the other hand, the distribution between SEP and RES is
highly locally dependent, and it is subject to the adopted col-
lection scheme, taxation and other economic incentives (for
example, Pay-as-you-throw mechanism). Public awareness and
environmental thinking play an important role, too.

Information about RES composition forms another set of
equations. There are approximately eight extra equations origi-
nating from mass balances of fractions:

PAP = SEPp,p + RESp,p )
PLA = SEPp; , + RESp; 4 5)
GLA = SEP; , + RES;; 4 (6)
MSW?* = SEPp,p + SEPp, 4 + SEP(; 4 + RES (7
TOTALgp = PAP + PLA + GLA )
SEP = SEPp,p + SEPp; 4, + SEP; 4 ©)
RESgpp = RESpp + RESp; 4 + RESG; 4 (10)
RES = RESp,p + RESp; 4 + RES;; 4 + RES o7y (11)

All of them were applied for all locations and all levels
(LO-L2). They are called “composition constraints”.

Separation Efficiency

Separation efficiency is highly monitored characteristics
which evaluate the performance of any collection system in
place. Many studies focus on measures to enhance separa-
tion efficiency of individual fractions and the system as a
whole [33]. Separation efficiency (SE) is defined as:

_ SEP,
~ TOTAL,

SE, (12)
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Fig.4 Schematic representation
of overall methodology with
highlighted steps relevant to this

paper

The symbol * indicates the fraction of MSW (e.g. PAP,
PLA, GLA). SE will be further evaluated in section “Future
Amounts Modelling”. SE can also form constraints, which
is demonstrated in scenario 4.

Steps in the Algorithm

The overall methodology consists of several steps which are
listed in Fig. 4. In this paper, we focus on three crucial steps
which are labelled as “Calculation” in Fig. 4.

Regression Models to Get Complete Information

After introducing steps processing all inputs, data is gath-
ered and verified. As mentioned above, some historical data
is “incomplete”. Typically, this incompleteness concerns
composition. Therefore, the calculation starts with a detailed
analysis to get complete information in all nodes. Where
input data is missing, it is substituted by models. Also, the
models are used to identify outliers.

Detailed RA is performed. The goal is to develop models
which help explain variation in parameters within the inves-
tigated area. In the case of household waste, it was:

e Model on PAP, PLA, GLA yields as separated (SEP) and
its residual values (RES) as a function of the housing
structure.

e Model on the composition of residual waste as a function
of the housing structure.

A correlation between RES and other MSW fractions
(e.g. metals, BIO) has not been revealed by CA and RA and

Fig.5 Regression model of SEPp; , as function of housing character
in 2009

L2 data. It is assumed that the increase in the amount of
these fractions is not compensated by RES reduction. Minor
fractions such as textile are excluded as well.

The housing structure represents an important socio-eco-
nomic aspect with significant influence on the results. The
influence was confirmed by several studies [31]. Three cat-
egories of buildings were considered in our case of the CZE.
They differ with inhabitants’ density, which is a count of
inhabitants living in one building. They were single houses
(up to 8 inhabitants) and small apartments houses or multi-
dwelling units (up to 30 inhabitants) and blocks of flats or
apartments houses (more than 30 inhabitants). Considering
that there are 10.5 million Czech citizens living in the CZE,
half of these lives in individual houses. The other half lives
in blocks of flats.

These three types of housing entered RA. Other socio-
economic variables, such as age, income, education etc.,
were identified as insignificant.
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Table 1 Average values of Q achieved for various territorial units (—)

MSW fraction LO L1 L2

RES 2183.5 2528.7 593.1
SEPpp 1483.4 247.9 100.0
SEPp; o 4452.2 652.3 176.4
SEPg; A 1127.7 697.6 149.7
SEPg0 59.5 33.6 19.7

The meaning of Q can be found in [29]

In general, RA represents the behaviour of an average
producer. The disadvantage is that such an average model
can hardly be applied equally to describe the future trend in
all particular micro-regions. There are often local specif-
ics which influence previous and future performance. On
the other hand, RA provides information about distribution
around this average. So, producers performing below, around
and above the average may be identified. In this respect,
results may be used as benchmarks, and future targets can
be specified.

This is demonstrated in Fig. 5, where the benefit of RA
models, if applied on a long-term basis, is shown. A model
on SEPy, , as a function of housing structure compares sepa-
ration yields in similar micro-regions. Whereas it seems that
highlighted node L2.6 is an outlier, according to 2009 data,
it improves significantly with time, and in 2014 it is much
closer to an average model. Another discovery is that the
average increases with time, which is not visible directly
from Fig. 5 since only 2009 data is displayed.

These findings have been exploited to forecast RES frac-
tions. Continuing with L2.6 as an example and consider-
ing similar plastics generation in similar regions (other

Fig.6 Quality of extrapola-
tion model expressed as Q and
its spatial variation among
micro-regions (L2) for RES and
SEPp; 4
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parameters are not important as revealed by CA), the Fig. 5
indirectly says that the waste that has not been separated
must remain part of the RES. If separation is increased in
the coming years, the amount of RES is adequately reduced.

By using RA in a similar way for all the fractions of SEP
(SEPpap, SEPp; o, SEPg4) and RES (RESp,p, RESp 4,
RESg; ), it is possible to estimate the total production of
individual fractions.

Trend Series Analysis—Initial Models Generation

As far as all information in the nodes is complete, the sec-
ond part of the methodology starts. It establishes the future
values of desired parameters. TSA is performed for data on
all hierarchical levels (that is LO, L1, L2) and models on
future production in all micro-regions, all regions and the
whole country are formulated. Not only the input time series
SEPpap, SEPp; A, SEP; o and RESyry are extrapolated, but
also series newly derived by function B in Fig. 2 are treated
in the same way (RESppp, RESp; 4. RES; o and RESry).
In other words, the composition of RES is extrapolated, too.

Regarding the involved models, the model used (func-
tion f or F depending on the level, see Eq. (1)) is generally
defined as [29]:

m* = a+ bt¢ (13)
where ¢ is an independent variable whose values are the
year(s) of waste production, m* is the dependent variable
giving the amount of produced waste in year ¢ and a, b, ¢
are regression parameters to be estimated. Additionally,
m* > 0 is valid. The correlation between independent vari-
able ¢ and waste production m* differs for individual time
series. The Pearson correlation for MMW on LO level is
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Fig.7 Increased SEPg;q as reported for CZE (LO level) and its
extrapolation models

Fyw.zo = —0.904. The separated fractions are described by
rpraro = 0.995, both rpsp 1 and 7y 4 19 are almost equal to
0.9. For the next territorial units L1, L2 the correlation is
lower due to higher data variability.

To measure the quality of the extrapolation model in
case of short-time series, where traditional metrics fail,
a parameter Q was proposed by Pavlas et al. [29]. This
QO was evaluated for all time series as a part of a study
presented in section “Results”. The analysis confirmed
the statement presented by Pavlas et al. [29] that with
deeper aggregation, the quality of extrapolation models is
increased. Whereas the original work of [29] was focused
on hazardous waste, here we present the results for MSW
and its fractions. The details on how parameter Q is cal-
culated can be found in [29].

The Table 1 summarizes average values of criterion Q,
for various territorial units. Q variation for RES and SEPp; 5
among micro-regions is visualised in Fig. 6.

The higher value of the criterion Q; leads to better
quality of the extrapolation model. As Table 1 shows, the
better model fit is achieved for higher territorial units.
With the only exception when in case of RES, L1 exceeds
LO. The small difference proves that this data of RES has
comparable quality on levels LO and L1. It is caused by
significantly larger amounts of this type of waste than
others.

Low-quality indexes open a discussion on suitable models
[Eq. (13)]. There are a variety of potential models. Their
testing on the L2 level for the same dataset was performed
in [34]. To keep the processing time reasonable (1442 time
series, seven fractions, 3665 models), a special approach
based on cluster analysis was proposed. The outcomes
pointed out that the quality of the forecast is subjected to
MSW fractions. RES was forecasted with high preciseness.
The situation is much complicated for SEP fractions, where
the Q is much lower, especially on micro-regional level L2.

Because of this principle, outcomes from TSA describe
so-called “Baseline scenario” or “business-as-usual scenario
(BAU)”, where no significant changes in the course are

expected. In some cases, extrapolation provides unrealistic
models, which leads to overestimation or underestimation.
As an example, the model on future amounts of SEPg,, for
CZE L0 is presented in Fig. 7.

There is no expectation that the production will follow the
exponential model on a long-term basis. The sharp increase
reported by latest data, as a response on new legislation
introduced in 2014, will be exhausted within a couple of
years as soon as a waste management system in the majority
of municipalities will be adjusted. Therefore, an additional
corrective model specifying realistic future target respecting
the character of the area is needed.

A logistic function (Sigmoid) could be a good candidate
for these cases Eq. (14):

X 1

= T’ (14)

where m* is the amount, ¢ is Euler’s number, a and b are
constants and t represents time. Logistic function (Sigmoid)
reaches values within the range 0 and 1. Therefore data on
production have to undergo a transformation. For this rea-
son, a threshold has to be determined. In the case of SEPg,
it is the maximum fraction rate which can be potentially
achieved in the studied area. This value, in case of SEPg;,
is subject of the housing structure, as confirmed by several
previous works (e.g. [35].). Karkanias et al. [36] focused on
the home composting scheme in Northern Greece and the
effect of this programme on the citizens’ behaviour. The
following threshold per capita is assumed for two types of
urban areas:

¢ Blocks of flats: 60 kg/(cap-y).
e Single-family houses: 200 kg/(cap-y).

Whereas the production of 60 kg/(cap-y) of kitchen waste
is assumed in both residential types, an additional 140 kg/
(cap-y) of yard waste is expected in case of individual build-
ings. The building structure of the CZE mentioned in sec-
tion “Regression Models to Get Complete Information”
expects an average SEPg of approximately 132 kg/(cap-y)
(see a threshold in Fig. 7) and absolute amount of 1400 kt/y.

Balancing and Corrections of Initial Estimates

The computational system processes a variety of spatially
distributed forecasts (initial models) on production and com-
position at every point obtained by the RA or TSA above.
In the next step, these initial models are treated by reconcil-
iation-technique based algorithm [29]. Applying areal and
composition constraints, the initial forecasts are corrected to
get a solution with the overall lowest distances between ini-
tial models and the result. Such a solution is denoted “final
forecasts”.
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Table 2 Average composition

. Fraction Amount (%)
of RES in 2014 (LO—country
level) PAP 8.11
PLA 9.25
GLA 4.37
BIO 28.21
Other 4741

From a mathematical point of view, the procedure fol-
lows the principle of least squares method as a proposed in
[29]. Least square method, in its traditional applications,
results in a description where square distances between each
of the input data and the description (model) are minimised.
Following the visualisation in [29] input data from TA and
RA is horizontally fragmented forming vertical groups of
points. Each of the groups is associated with one unknown
parameter, which in our case is the amount of RES and all
SEP fractions. Input point estimates may differ and even
frequently provide contradictory information. Balancing
performs corrections where distances between resulting
values (an unknown parameter) and all available forecasts
are minimised, taking into account each of the locations, all
territorial units and all fractions. The task cannot be decom-
posed due to the additional constraints and reasons men-
tioned above (section “Waste Composition and Composition
Constraint”).

Results

Several examples of a comprehensive analysis done for the
area of the CZE are presented in this section. The simultane-
ous calculations for 206 micro-regions, 14 regions and the
country were performed. Data on residual waste amounts
and the yield of separately collected fractions for the years
2009 to 2014 were available. Residual waste analysis com-
ing from a few micro-regions represented additional input.

The investigated system involved several fractions. RES
and amount of SEP for three fractions, namely PAP, PLA,
GLA were considered as one interacting system. Regres-
sion models on the composition of RES and amount of
SEP for these fractions were generated. RA also revealed
that there is no correlation between amounts of BIO and
amount of RES. Considering increased BIO generation
(see Fig. 7), lower amounts of RES were expected. Unfor-
tunately, this was not confirmed by the analysis of L2.
Amount of BIO dominantly consists of garden waste and
the only little amount is kitchen waste diverted from RES.
Therefore, BIO was forecasted as an independent stream
with no interaction with RES. The same applies to met-
als which were also considered as an individual stream.
RESqry fractions were forecasted in the second step, and
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Fig.8 Trend in MSW fractions generation

this stream contains fractions with no link to RES produc-
tion. RESypy is composed of BIO, metal, textile, etc.

Average Composition and Overall Trends on LO

First, results for apex LO are presented. It is worth men-
tioning that these results represent a bottom-up approach.
They were formulated by an analysis on lower levels, that
is on L2 and L1. In other words, trends on LO are corrected
taking into account trends on lower hierarchical units L1
and L2.

Current (2014) generation of MSW in the CZE is 5324
kt/y (506.3 kg/(cap-y)). 34.8% of this amount is supposed
to be materially recovered [37]. Amount of waste con-
sidered in the analysis is 2661 kt (253 kg/(cap-y)), which
is 50% of the overall production of MSW. Excluded was
2663 kt of RESyry, because it forms a completely new
waste stream. There is no link between SEP and RES.

Composition of RES

Average composition of RES was estimated involving
available inputs and models. The methodology itself is
based on RA. It includes several explaining parameters
including housing structure which was identified as the
most significant variable. The methodology is described
in more detail in [30].

The sum of PAP, PLA, GLA counts approximately
23.8% of RES. This amount represents approximately
9.5% of the total MSW. In the case of achieving absolute
sorting efficiency (SE for all fractions is equal to 100%),
the rate of material recovery of MSW will increase to
44.3%. For comparison, targets implemented by CEP are
60% in 2025 and 65% in 2030.
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Table 3 Maximum feasible SE for fractions as proposed for CZE (%)

Fractions Housing structure
Rural area (%) Combined (%) City (%)
PAP 93 86 70
PLA 73 64 52
GLA 90 89 73
SEP/TOTALggp 86 72 59
Egs. (9)-(8)

Fig.9 Forecasted amount of RES for various scenarios, L0, CZE

As Table 2 summarises, the other fractions occupy a
significant part of RES. Nevertheless, they are not part of
the analysis.

Reported Trends

Overall production of RES is approx. 200 kg/(cap-y) plus
53 kg/(cap-y) was collected as separated SEPp,p, SEPp; o
and SEPg; ,. This production is stable in the investigated
time interval 2009 through 2014. A drop in 2015 compared
to 2009 was approximately 0.5% (see Fig. 8), which is a
negligible change. However, a significant reduction in RES
is observed and is accompanied by an increase in SEP. In
other words, considering the constant generated amount,
fractions were transformed from RES to SEP, which is the
desired trend.

Future Amounts Modelling

Time series from 2009 to 2014 (both input and developed
by RA) were extrapolated using the methodology described
in sections “Trend Series Analysis—Initial Models Genera-
tion” and “Balancing and Corrections of Initial Estimates”.
The year of interest was 2024, which is an important future
milestone in the waste management of the CZE. As given
by [38], landfilling of untreated residual MSW, recyclable
fractions and fractions suitable for further recovery is to be

Fig. 10 Forecasted amount of SEP fractions for various scenarios,
L0, CZE. a Paper, b Plastics, ¢ Glass

banned since 2024. This change requires the improvement
of existing infrastructure.

Following the mass conservation equations Egs. (4) to
(6), it is assumed that higher SE decreases fraction content
in RES. The following four scenarios were modelled:

e Scenario 1-A basic scenario which reflects recent trends
in the development of waste management in the CZE.
Forecasts are based on TSA. No significant corrections
of observed trends are expected. This scenario can also
be denoted as a business-as-usual scenario (BAU).
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Fig. 11 Frequency diagram of plastics separation efficiency [%] for 206 CZE micro-regions in 2014 and 2024

Fig. 12 Frequency diagram of lower heating value [GJ/t] of RES for 206 CZE micro-regions in 2014 and 2024

Scenario 2-The second scenario extends the previous
one. Increase in SE of 5% is assumed for all investigated
fractions on an annual basis.

Scenario 3-The second scenario extends the previous
one. Increase in SE of 10% is assumed for all investigated
fractions on an annual basis.

Scenario 4 (MAX)-This scenario introduces challenging
separation targets. Following the cooperation between
our team with experts from Germany, the experience
of waste management development in Germany was
exploited and the maximum feasible SE were proposed
individually for fractions. Here, the housing structure
was considered an influential parameter. The limiting SE
forming additional constraints for balancing the results
are summarised in Table 3.

Representative outcomes from the complex analysis are

displayed in the following figures.
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Fig. 13 Production and separation efficiency of plastics in selected
micro-region

First, the development of RES is forecasted in Fig. 9.
Afore-mentioned four scenarios are distinguished. The out-
come confirms the recent trend, where the production of
RES is constantly reduced. Solid line denoted as “Model”
describes an extrapolation model obtained by applying
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Table4 Summarization of data

o Fractions LO value— LO value balanced LOcor- L1 (14 nodes) L1 min L1 max cor-
reconciliation ‘results on the LO model (kt/y) scenario BAU (kt/y) rection average correction correction  rection (%)
and L1 levels in the year 2024 (%) (%) (%)

RES 1887.8 1989.3 54 4.9 0.7 13.9
PAP 334.1 351.1 5.1 6.1 0.002 13.5
PLA 154.4 156.5 1.3 14.2 34 37.0
GLA 123.5 146.6 18.5 143 14 48.5
Total 2500.1 2643.5 5.7 1.4 0.3 2.5
Table 5, Results of Scepario Scenario 1 Scenario 2 Scenario 3 Scenario 4
modelling on LO level in (BAU) (MAX)
the year 2024—Separation
efficiency (%) PAP separation rate 70.6 74.1 77.8 79.4
PLA separation rate 49.2 51.7 543 62.3
GLA separation rate 62.3 65.4 68.9 80.5
Separation rate of recyclables 62.3 65.4 68.7 74.5

Eq. (13). Function value for this model for argument 2024
represents an “initial” estimate. This value is corrected to
get the final estimate according to section “Balancing and
Corrections of Initial Estimates”.

More detailed analysis of paper, plastics and glass frac-
tions is provided in Fig. 10, where amounts of SEPp,p,
SEPp; 5 and SEP; 4 are in an opposite relation with RES.
The expected increase in three fractions leads to the elimina-
tion of these fractions in RES. The resulting amount of RES
decreases, too.

The following increase in separation of fractions is
expected for scenario BAU:

e Paper separation increased from 65.4% in 2014 to 70.6%
in 2024. The rest of the paper is present in RES.

e Plastics separation increased from 35.2% in 2014 to
49.2% in 2024. The rest of the plastics is present in RES.

e Glass separation increased from 50.5% in 2014 to 62.3%
in 2024. The rest of the glass is present in RES.

Detailed Analysis at L2

The trends on country level LO presented in the previous
section stem from the situation in regions and micro-regions,
which is the basic principle of the proposed approach. In
other words, contributions of micro-regions to achieving
national targets in separation have been investigated, too.
SE forecasts on all 206 L2 units were determined. These are
displayed in Fig. 11 for plastics in 2014 and BAU scenario
2024. Comparison of both frequency diagrams clearly shows
development towards more effective waste management,
where the mode in 2024 reaches 70%, while it was 40% in
2014. The positive trend in increased separation of calorific

fractions (not only of plastics but also of paper) results in a
decrease in lower heating value (compare diagram for 2014
and 2024 in Fig. 12).

Particular Region L2

Figure 13 demonstrates one particular result for a selected
L2 micro-region and fraction plastic. It shows the con-
stant production of plastic waste between 2009 and 2014
and a slight decrease to 2024. It also stresses an ineffec-
tive plastic separation, since only 15% of its production
was separated in 2014. This very low value is highlighted
concerning Fig. 11a. The micro-regions belong to less-
performing micro-regions of the CZE. A future increase in
yield is expected, resulting in lower amounts of plastics in
residual waste and significantly increased efficiency. Similar
outcomes were obtained for all territorial units but are not
mentioned to keep the contribution of reasonable length.

Discussion

The presented approach combines trend analysis in histori-
cal data followed by data reconciliation (see section “Steps
in the Algorithm”). The plain trend in the data is corrected
in a particular year to address additional constraints. The
model takes into account the links in the territorial structure
(as Fig. 1 shows) as well as the relations between the waste
fractions [Eqgs. (4)—(11)]. The effect of data reconciliation is
summarised in Table 4. First, initial guesses denoted as LO
value-Model, which can be considered as a traditional way
of treating the extrapolation, is provided. Then, balanced
result and extent of corrections in percentage are evaluated
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for LO. Finally, corrections at the L1 level are elaborated.
In the case of L1 level, the average value of corrections, as
well as the ranges, are shown. It can be observed that to gain
balanced scenario BAU, the model value has to be corrected
meaningfully in some cases. Especially GLA required sig-
nificant correction both at LO and L1 level, which is caused
by higher variability in historical data.

Currently, waste management is facing some changes, and
legislative interventions affect waste production. EU mem-
ber states are obliged to meet targets on minimum waste
separation in the coming years as a result of efforts to mate-
rial or energy waste recovery.

The approach presented can also be used successfully for
scenario modelling. Scenarios defined in the section “Future
Amounts Modelling” will be considered. Scenario 1 (BAU)
denotes the same development to future as was established
in the historical data (Table 5). Scenarios 2 and 3 consider
5% resp. 10% increase of SE on the LO level. The results
specify, how much the lower territorial unit would improve
their separation to reach the required SE on LO level. The
last scenario MAX shows the highest possible SE on L0
level.

The Czech Republic is committed to separate 50% of
MSW by 2020 with a 5% increase each five years up to 2035.
There are four methods introduced to evaluate current rates
of preparation for reuse and recycling in [39]. In this paper,
the calculation method no. 1 has been applied. The results
are presented at the bottom of Table 5. CZE meets the target
for 2020 (50%) and 2030 (60%) even for Scenario 1 (BAU),
which exceeds 62% of considered recyclables separation rate
(PAP+PLA +GLA).

Conclusion

In this contribution, an approach towards simultaneous fore-
casting of waste amounts and waste parameters at different
territorial units, which has been first introduced in [29], is
further developed. In general, the approach can be applied
to any task where forecasts are performed based on spatially
distributed data from previous years. This data is supposed
to be incomplete (data for locality is missing), sometimes
even uncertain.

In this paper, the original algorithm is adjusted to han-
dle a so-called multi-commodity system where components
overlap between observed streams. MSW represents a good
example as it consists of several fractions, such as paper,
plastics, glass, metals and bio-waste. These fractions may
be gathered either as separately collected recyclables (for
example, by kerbside collection systems) or they may con-
tribute to residual waste quantities with limited material
recovery possibilities. The algorithm was extended by the
following: (1) regression analysis providing models which
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are later used to get complete information for all nodes,
including nodes where input data is missing; (2) extrapo-
lation techniques for data on various levels of detail; (3)
specification of newly formulated composition constraints;
(4) modification of reconciliation-based balancing model.
The complications related to short-time series, which are
very frequent in the waste management field, was high-
lighted. From a mathematical point of view, preciseness
is secured only for series with a large number of values.
Any attempt at a rigorous time series analysis of short-time
series is going to result in a heavily skewed estimate of the
real underlying trend, and hence, is of limited practical use.
Therefore, extrapolation models provided by such an analy-
sis are considered as initial estimates, which are further
corrected by the balancing model to meet areal and com-
position constraint. Such simultaneous forecasting done in
the tree-like structure is an effective measure to overcome
poor extrapolation quality.

The algorithm is demonstrated through a case study
inspired by an extensive project for the Ministry of the Envi-
ronment of the Czech Republic. Future amounts of residual
waste and recyclable fractions, such as paper, plastic, glass
and kitchen bio-waste produced in one country as well as in
its 14 regions and 206 micro-regions, are forecasted. The
source-separation efficiency in all of the 206 micro-regions
is analysed for four different future scenarios. The basic sce-
nario called “BAU—Business as usual scenario” reported
the following increase in separation on the country level:
Paper separation will increase from 65.4% in 2014 to 70.6%
in 2024; plastics separation will increase from 35.2% in 2014
to 49.2% in 2024; glass separation will increase from 50.5%
in 2014 to 62.3% in 2024. The rest of the paper, plastics
and glass is present in the residual solid waste. Amount
of bio-waste comes dominantly from garden waste, and
an only little amount is from kitchen waste diverted from
residual waste. Therefore, bio-waste was forecasted as an
independent stream with no interaction with residual waste.
Its amount is expected to rise from 40 kg/(cap-y) in 2014 to
130 kg/(cap-y) in future.

Similar results were derived for all of the territorial
units of the investigated area. Some examples for micro-
regional level were presented including investigation of
the lower heating value of residual waste. While the cur-
rent average value is 8.5 GJ/t, it is expected to decrease to
7.8 GJ/t by 2024 in response to increased source separa-
tion of calorific fractions.
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The paper deals with the issue of fluctuations in heat demand and how they are dealt with when
planning investments in the field of energy recovery of waste. The lifetime of Waste to Energy plants
(WHEP) is typically 20—30 years. Their construction is also a time and investment-intensive business and
requires a robust design with low sensitivity to future changes in key parameters.

The paper analyses the effect of fluctuations in heat demand on the accuracy of techno-economic
models and their outputs. The aim is to determine the sensitivity of optimisation models to the
applied time step. The sensitivity of two different models is compared — a simple model of a WtEP
cooperating with a gas boiler and a complex model of a WtEP integrated with a combined heat and
power plant.

Optimisation models, commonly used to design these facilities, perform calculations in certain time
steps, typically on an annual or monthly basis. The simplification from hour to month time step may
cause inaccuracies. The paper offers alternative solutions to modelling methods of WtEP, using so-called
correction coefficients. They help to increase the accuracy of the models while maintaining acceptable

calculation time.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

Approximately 1.3 trillion tonnes of municipal solid waste
(MSW) are currently produced worldwide, which represents about
180 kg per person annually. It is assumed that this value will in-
crease to 2.2 trillion by 2025 [1]. In developed countries, including
the EU, this value is significantly higher. Such growth gives new
opportunities for the development of efficient waste management
(WM). Especially since it is the MSW that contributes considerably
to many global environmental problems such as ecosystem dam-
age, climate change, or depletion of available resources [2].

The EU established a WM hierarchy in 2008 to deal with the
problems associated with waste production. According to EU wide
regulation [3], the most suitable methods are waste prevention,
material recovery and recycling. Another way of processing is en-
ergy recovery. The worst way is to deposit the resulting waste into a
landfill. Material recovery is often costly and cannot be used for all
types of waste [4]. Energy recovery presents an appropriate

* Corresponding author.
E-mail address: ondrej.putna@vutbr.cz (O. Putna).
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alternative, mainly in developing countries. Energy recovery helps
to eliminate the ever-increasing amount of waste and it can also be
a complementary source of energy by substituting primary fossil
fuels. Given that over 80% of global energy is produced from fossil
fuels [5], waste energy recovery can play an important role in
reducing dependence on fossil fuels and reducing the net amount
of CO, produced [6]. has conducted an analysis of global warming
potential in various ways of handling municipal waste and claim
that energy use can save up to 500 kg of CO.eq per tonne of pro-
cessed waste.

There are many different waste-to-energy (WtE) technologies
used for energy recovery as reviewed by Ref. [7], including incin-
eration, pyrolysis, gasification, anaerobic digestion and landfilling
with gas recovery. Worldwide, the incineration is one of the most
commonly used WtE technologies and for this reason, the con-
struction of new WtEP is currently a much-debated issue. European
countries can be divided into three groups depending on the WM
level [8]. In this respect, many developed countries use waste to
recover energy and also achieve high levels of material recycling.
An example is Norway. Construction of new WtEPs in this country
is discussed in Ref. [9]. Another group is countries that use only a
part of the municipal waste energy, and there is more construction
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Abbreviations

C WIEP capacity [kt/y]

c amount of waste entering the boiler in the WtEP [t/h]
D,D5,DY total heat demand, demand for heat in form of steam,

hot water [T]]

d,d*,d¥ average total heat demand, demand for heat in form
of steam, hot water [G]/h]

Ppax. min  Maximum, minimum heat output of the WtEP [T]]

qweep, c,cypp heat energy supplied from the WtEP, gas boiler
[GJ/h]

Quiep, ga,cupp heat energy supplied from the WtEP, gas boiler
(TI]

R ratio of average monthly heat demand and maximum

heat output of the plant [—]

r dissipated heat [G]/h]
v turbogenerator power [MWe]
steam flows [G]/h]
CDR condenser
CHP(P) combined heat and power (plant)
DHS district heating system
FCHS, k  fluctuation coefficient of heat supply
IRR internal rate of return
MI(N)LP mixed-integer (non-)linear programming
NPV net present value
PP payback period
ROI return on investment
WM waste management
WtE(P)  waste-to-energy (plant)

of new WtEPs, such as the UK. The role of WtEPs in the WM of the
UK is reported in Ref. [10]. In Poland, which can be included in this
group, six new WtEPs have been put into operation in 2016 [11].
The last group is countries where waste is not used as energy or
material at all or only to a very limited extent. Following the trend
of countries with well-developed WM systems, it can be expected
that countries with poor WM systems attempt to increase the en-
ergy recovery of waste. As a result, the construction of new WtEPs
continues to be a very topical issue that needs to be addressed.

For a thorough understanding of the intent of this article, it is
necessary to cover three basic themes:

e understanding the project economics of combined heat and
power plants (CHPP),

o selecting the relevant criteria for determining the return on the
project,

e modelling the current and future operation of CHP facilities.

1.1. WtE project planning

It is necessary to consider the entire WtE project life cycle, about
20—30 years [3]. There are important parameters for assessing the

economics of the project and operation planning, which vary with
time and which are difficult to predict accurately in the long-term
and even the short-term. In such cases, stochastic models can be
used to take these uncertainties into account [12]. shows this
approach in the case study when planning the WtEP operation
using uncertain parameters.

A WLEP uses heat from waste incineration to fulfil heating and
power demands if it incorporates a turbine generator. Planning for
the production of heat and power in different time steps is
described in Ref. [13]. Waste disposal income is the main parameter
in the WtEP economy, but the revenue from heat also plays an
important role, see Fig. 1.

The pie chart was created for a WtEP with a processing capacity
of 130 kt/y and a heat demand of approximately 600 TJ/y. Another
example of the WtEP income structure can be found in Ref. [14].
Revenue for individual commodities (i.e. heat, power and scrap) is
calculated using a two-stage optimisation model.

The figure shows that income for heat sales is around 25% of the
total income. Regarding capacities lower than 40 kt/y, the heat ac-
counts for more than one-third of the total income. The correct
estimation of the quantity and price of the heat delivered affects the
success of the whole project. The selection of the plant location is a
very important decision due to the availability of a district heating

Fig. 1. An example of the income structure [%].
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system (DHS) and/or industrial heat supply. This ensures the useful
recovery and exploitation of heat at a known quantity and price.
Throughout the lifetime of a WtEP, the demand for heat can be
significantly reduced as the demand-side energy efficiency in-
creases with time and no new consumers are added, see Ref. [15].

In this paper, district heating is considered as significant fluc-
tuations in heat demand may occur there. In some countries, the
heat price depends on the season. For example [16], considered
different heat prices for each month. The research was carried out
in the Nordic countries and there is a significant drop in prices in
the summer months. However, a variation in demand could be
defined as well for power (e.g. price variation due to the seasonal
character of renewable sources etc.). The profitability of new
planned projects is estimated based on all of these unknown fluc-
tuations. The models introduced further in the paper use opera-
tional data from existing locations in the Czech Republic, where
DHSs are relatively widespread. About 38% of Czech households use
district heating according to the Czech Statistical Office.

1.2. The profitability of a WtE project

The success of the project is measured by several different
criteria. The most commons are the Payback Period (PP), Return on
Investment (ROI), Net Present Value (NPV) and Internal Rate of
Return (IRR) [17]. use these criteria to make an objective assess-
ment of the success of a WtE project in China. The PP and ROI
criteria have a very simple calculation, but these indicators do not
consider cash-flow in individual years (only the project profit). PP
and ROI do not often include the principle of the value of money
over time. In most cases, the authors focus on using IRR or NPV. For
example [18], deals with the riskiness of investments in WtE pro-
jects in Iran. A binomial tree analysis and a modified version of NPV
(Decoupled NPV) are combined to determine the risk [19]. use a
new term, waste availability factor and the IRR criterion to compute
the risk of new projects in the Czech Republic. The difference be-
tween NPV and IRR is described in more detail by Ref. [20].

All these articles about the profitability of new WtE projects use
data on an annual or monthly basis. However, there are parameters
which are quite variable over time, for example, heat demand or
waste supply. As Fig. 1 shows, a quarter of the income depends on
heat sales. Attention should be paid to assess the amount of heat
produced and sold during its future operation as accurately as
possible. For this reason, the computation of WtE project income on
annual or monthly bases (which is common practice in the early
stage of project development) seems to be inappropriate.

1.3. The modelling of current or future WtEP operation

WHEPs are preferably operated as CHP systems. CHP operation
modelling is a very complex task. Generally, it is a mixed-integer
non-linear problem (MINLP), as described in Ref. [21,22]. deal
with the long-term optimisation of the CHP system with
extraction-condensing steam turbines, gas turbines, boilers for heat
production and district-heating networks. The optimisation is
based on MINLP and Lagrangian relaxation and the model, which
works on an hourly basis [23]. modelled hourly CHP operation (the
precise facility is not specified) as a linear-programming problem
with a special structure. A specialised Power Simplex algorithm was
used that utilises the structure efficiently. The main idea of the
whole approach is to allow the decomposition of long-term models
to smaller ones. A similar approach is used in Ref. [24]. Envelope-
based optimisation algorithms are used to solve a decomposed,
long-term model.

An interesting approach is presented also in Ref. [25], where the
capacity and operation of a CHP is optimised by a genetic algorithm

to maximise the technical, economic and environmental benefits.

In some articles, the authors use the software EnergyPLAN and
often simulate the operation of energy systems on an hourly basis.
The use of this software is described in detail by Ref. [26,27]. deal
with the economics of two WtE projects in Denmark and Zagreb.
EnergyPLAN was used for simulating the operation of the WtEP on
electricity markets. The considered time step is 1 h. The supply of
power to the grid from an existing WtEP is dealt with by Ref. [28]. A
stochastic model, which includes Monte-Carlo simulation, was
introduced for predicting electricity use. The considered time step
is again 1 h.

All of these models with time steps shorter than a month
implement a pre-selected CHP plant capacity or overly simplify
plant models (linearised mathematical equation, neglect of energy
losses). Regarding WtEP at an early stage of project development,
the challenge is to propose an optimal capacity considering the
plant's future effective operation. Capacity then enters the model as
another variable and new non-linear relationships are created. All
together with the size of the task, the model becomes very difficult
to solve.

1.4. Aim and scientific contribution of the paper

There are several issues, which may occur while solving tech-
nical and economic models of WtEPs using uncertain parameters.
These parameters change over time and, as a rule, they cannot be
accurately predicted over the plant's lifetime (e.g. heat demand).
Mathematical models must also often be simplified in terms of the
length of the time level used, because for short periods of time (e.g.
week, day, hour), they may become too difficult to solve. There are
different approaches to improving the solvability of these models.
For example [29] uses a so-called rolling horizon approach for the
long-term planning of a CHP system operation. This approach was
taken in the expectation that annual models on an hourly basis
would be insolvable in terms of calculation time. Unfortunately, just
like the above-mentioned approaches, the plant's parameters (ca-
pacity, type of turbine, boiler, etc.) must be selected initially. In this
case, the design parameters of the plant have to be optimised, so
the approach once again does not provide a possible solution. In
these situations, two-stage optimisation models are often
employed [30]. In such models, the first-stage (strategic) decisions
are made before the realisation of any uncertainty (here-and-now
approach), and the second-stage (operational) decisions are made
after all uncertainties are revealed (wait-and-see approach). It
means that for two-stage optimisation models, all combinations of
design parameters have to be calculated, which might be very time-
demanding.

The aim of this article is to introduce an approach of increasing
the accuracy of the calculation while preserving the simplicity of
the WtEP mathematical model in terms of time level at the same
time. That is achieved by using so-called “error-correction
coefficients”.

Due to their use, it is not necessary to consider the model on an
hourly basis, but rather a monthly model that is much less time
demanding and, moreover, does not significantly reduce the
model's accuracy. Coefficients for correcting heat demand are
described in more detail in this paper as a typical example of pa-
rameters which fluctuate over time (see section 2.2). The error
caused by fluctuations in demand for heat has a major impact on
the overall economy of a WtEP. Of course, as with heat demand, the
coefficients can be applied to other fluctuating and poorly pre-
dictable parameters that affect the operation and economy of the
plant. For example [31] shows CHPP modelling in terms of elec-
tricity prices, heat demand and ambient temperature.
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2. Methodology

The analysis presented in this paper is based on heat demand
data and its variation from a particular locality, see section 2.2.
Whereas WtEPs with capacities of >100 kt/y are common [32], a
WIEP with significantly lower capacities (10—40 kt/y) can be more
preferable in some cases. The main reason to implement a low-
capacity WtEP project is the fall in specific investment costs,
which has a positive impact on the economy of the project. This is
due to the possibility of using mass-produced devices and generally
simpler (but fully functional) technological solutions. In the end, it
is possible in some cases to set a lower gate price for these facilities
than for facilities with a capacity exceeding 100 kt/y. Low-capacity
WHEPs can be found especially in locations with less heat demand
or where it is not possible to provide sufficient waste to operate a
large WtEP. As far as operating costs are concerned, the staff costs
are considerably higher for lower capacities. The necessary number
of employees increases only marginally with the increased capacity.
If the WLEP is built with an existing heating plant, it is often
possible to share the technological elements or employees of the
original source. This is especially true for smaller capacities and can
bring considerable investment and operating savings. As a result,
this study considers incineration plant capacities between 10 and
40 kt/y, i.e. combustion on a moving grate and combined produc-
tion of power and heat in a steam cycle with a turbine. The basic
WIEP scheme that is considered in the paper is shown in Fig. 2.

Municipal and residual solid waste is incinerated in a furnace.
For modelling reasons, lower heating value 9.3 M]/kg is considered,
see Ref. [34]. This value is based on long-term investigations by the
authors of the paper. Support fuel in the form of natural gas is only
considered when starting up the plant or in exceptional operating
conditions. Therefore, its use was neglected in the model.

Flue gas is used to produce steam in a boiler. The flue gas con-
tinues to the flue gas cleaning system, where harmful substances
are removed, for example, dust particles, dioxins and heavy metals.

Steam generated in the boiler continues to a back-pressure
turbogenerator (TG) and after that is used for district heating or
flows to the condenser (CDR), depending on the current heat de-
mand. In the model technology, steam is produced at a temperature
of 220 °C and a pressure of 1.3 MPa in the steam generator. Unlike a
large WEP, small capacities typically tend to focus on heat pro-
duction. This is due to the high investment costs of a high-pressure
steam boiler and the condensing turbine. For small WtEPs, a back-
pressure steam turbine with lower internal thermodynamic

efficiency - the so-called rotating reduction — is used to produce
electricity. The amount of electricity produced in this way is mainly
used for the plant's own consumption. A small capacity WtEP may
not be self-sufficient in terms of electricity generation and tech-
nological consumption. In such cases, additional electricity must be
purchased from the grid.

2.1. Operation modes of the WtEP

This article deals with the conceptual design of a new WtEP. In
order to make the WtEP project attractive to a potential investor, it
is necessary to estimate the approximate profitability. Here, the
criterion IRR is used as the profitability factor. For its calculation, it
is necessary to determine the investment and the annual cash flow
throughout the life of the project (around 25 years). It is very
difficult to model the operation of a WtEP for such a time with
sufficient precision.

First, data are processed on a monthly basis, which is often
considered to be an acceptable level of accuracy for the model.
Consequently, in the course of individual months, constant heat
demand as an average value is found. This does not take into ac-
count the daily and hourly fluctuations in heat supply. In terms of
heat supply, three modes are possible (see Fig. 3):

1. d<Ppmax: Monthly heat demand is significantly lower than the
maximum possible delivery Pyqx from the WtEP — all demand
is covered (mode 1).

2. d>> Ppax: Monthly heat demand is significantly higher than the
maximum possible delivery from the WtEP — the maximum
possible heat output from the WtEP is considered throughout
the month (mode 2).

3. d=Pmax: Monthly heat demand is similar to the maximum
possible delivery from the WtEP — it is necessary to analyse the
course of consumption and fluctuations during the month
(mode 3).

If a WLEP operates in mode 2, it can apply its whole thermal
power. Modelling this situation is therefore simple. Modelling in
mode 1 does not cause a problem either as the WtEP is able to
deliver all the heat despite its fluctuations. In mode 3, on the other
hand, the amount of heat actually delivered from the WtEP may
vary considerably depending on the time detail of the model. In a
part of the month, the WtEP is unable to deliver enough heat en-
ergy to cover the demand, and in the other part the heat demand is

Fig. 2. Block diagram of a WtEP [33].



0. Putna et al. / Energy 163 (2018) 1125—1139 1129

Fig. 3. The three modes with a different relationship between heat demand in the DHS and heat supply from the WtEP.

low, so the heat sales are not secured. Considering this problem, the
average monthly value of demand is not adequate and it has to be
reduced slightly. This is evident in months 3, 4, 10 and 11, when the
whole heat demand is not covered, although the thermal output is
sufficient from the point of view of monthly modelling. The rate of
the reduction is the main theme of this article.

2.2. Heat demand in the DHS — a modelled case

Heat demand for steam and hot water was assumed in the
modelled locality. Real data from an existing district heating plant
were used and the real demand profile during the year was ana-
lysed, as well as all short-term fluctuations in demand. The heat
demand data are summarised in Table 1. There is a shutdown of the
entire heating plant for a period of 58 days in the summer. The total
annual heat supply is 190 TJ.

The table shows only the monthly averages of the heat demand.
An analysis of the available data at certain times confirmed that
there are substantial deviations from the average value. The de-
viations are strongly dependent on the parameters of the DHS. The
main parameter is its size and type of final consumers (households,
companies). For illustration, Fig. 4 details the heat demand in April.
The value labelled “month average” corresponds to the average
demand for April as mentioned in Table 1.

On average, the hourly demand differs from the monthly
average (5.75 MW;) by approximately 25% in this month. The scale
of fluctuations in the other months is shown in Fig. 5.

The magnitude of the heat demand fluctuations is related to the
annual cycle and also to the heating season. In the conditions of
Central Europe, the season typically lasts from September to May.

Its beginning and end are logically associated with the greatest
fluctuations in heat demand. The end of the heating season is
characterised by a drop in demand for heat. If the heat is also used
to heat hot water, the demand outside the heating season is more or
less constant.

As you can see from the monthly deviations, they vary a lot in all
months and, for modelling the operation of the WtEP, cannot be
ignored or neglected. The effect of neglecting these variations will
be shown on the following model of an integrated WtEP introduced
in the next section.

3. Optimisation models
3.1. A basic technological and economic model

First, a simple technological and economic model was created
for the WtEP depicted in Fig. 6. The main result of the model is the
annual profit. A WtEP was considered with a small capacity C of
40 kt/y, a single TG and a connection to the DHS. The technological
solution described in section 2 was used. The gas boiler is consid-
ered as an existing part to which the WtEP is integrated. If the WtEP
is integrated, the gas boiler will no longer cover the overall demand,
but it will only be used for covering peaks. The newly considered
device is highlighted in blue in Fig. 6. Heat demand was modelled
using data from the previous section.

In our particular simulation case, the following costs were
considered:

e cost of natural gas (7.9 EUR/G]),
e revenues for waste treatment (65 EUR/t),

Table 1

Heat demand data.
Month 1 2 3 4 5 6 7 8 9 10 11 12
Total heat demand, D = DS + D" [TJ] 31.8 26.7 219 149 11.8 6.1 0.1 0.6 9.3 15.6 22.0 289
Average heat demand, d = d* + d* [G]/h] 42.7 39.7 294 20.7 159 8.4 0.2 0.7 12.9 21.0 30.5 389
Average thermal output [MW¢] 11.9 11.0 8.2 5.8 4.4 2.3 0.1 0.2 3.6 5.8 8.5 10.8
Standard deviation of hourly averages [G]/h] 103 10.8 10.8 7.3 6.1 2.1 1.0 23 4.0 9.9 8.9 10.7
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Fig. 4. Heat demand in April reported at different time intervals.

Fig. 5. Stability of heat demand by months.

e revenues for power (45.5 EUR/MWh),
« revenues for heat (7.5 EUR/GJ).

The first step is to transform this problem into mathematical
form. All relations can be described by similar equations as in the
paper by Ref. [35]. The main inputs needed for the calculation are:

e WLEP capacity C,

o heat demand D, covered by heat from the WtEP and Gas boiler =
Qweep + Qaps

e purchasing and sales prices for individual commodities (power,
heat, supply water, ...),

o characteristics of the TG (turbine flow, minimal and maximal
power output, ...),

e cost of maintenance and reinvest,

e investment needed to build the facility,
e wages of employees,
e projected wage growth and inflation.

Variables of the model to be accounted for are:

o the amount of waste entering the boiler ¢ (c < C),
e all steam flows x1, x5, ... in the piping system,

e pOWer v,

o the amount of heat dissipated r,

e the amount of purchased natural gas,

e penalties (in the event of unsatisfied demand).

The intermediate results of the example model are the cash
flows in the individual years of an operating facility. For simplicity,
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Fig. 6. Scheme of the WtEP.

the profit calculation of the WtEP was limited to one year. The re-
sults are shown in Table 2 depending on the length of time step
used.

Looking at the previous table, it can be seen that the difference
in the profit is almost 15% each year between the calculated results
of the model on an annual and hourly basis. The difference in heat-
related income is almost doubled. This income is calculated only
from the heat Quep produced by the WtEP (without using the
additional natural gas boiler). The resulting heat income for total
heat (Quwep + Qgp) is approximately the same, because heat de-
mand must be satisfied. The difference is caused mainly by the
costs associated with the production of this heat.

The difference in the resulting IRR is shown in the following
table. This is a simplified calculation of the IRR, where each year the
same profit (see Table 2) is considered unaffected by inflation or
projected wage growth. The IRR calculation includes the cost of
building the WtEP with a waste boiler and one TG. The gas boiler
enters into the model as an existing part to which the WtEP has
joined, and so the gas boiler investment is not included in the IRR
calculation. The input investment of a WtEP with capacity C of
40 kt/y is considered to be approximately 12.75 mil. EUR, see
Ref. [36].

The difference between annual and hourly approach is clearly
significant. The IRR differs by more than 2%, which is a significant
drop for the investor, and so the simplified model overestimates IRR
(see Table 3).

The chosen example is very easy to calculate because of its
simplicity, so it is not worth comparing the computational time. For
larger tasks, the influence becomes considerable, see section 3.4.

So the question is how to get the results. An hourly approach

Table 3

IRR of project WtEP by 24 years.
Time step Hour Day Week Month Year
IRR [%] 11.84 1231 12.34 12.47 13.97

would be good to take into account, but it will likely increase the
computing time, see Table 4. For this reason and due to the lack of
data (only monthly averages of heat demand were available), it is
not always possible to solve such a model.

This problem can be partially solved by using error-correction
coefficients described in the next section. No previous literature
could be found which mentions such an approach.

3.2. Error-correction coefficients

As mentioned above, the required models to capture the lifetime
of the future WtEP are solvable only on a monthly basis. By
neglecting the hourly fluctuations in demand for heat, it is possible
to overestimate the profit. The following section deals with the
introduction of correction coefficients that will ensure sufficient
accuracy even when calculating on a monthly basis.

There are many parameters where hourly fluctuations should be
considered the demand for electricity, heat, amount of waste in the
WIHEP, etc.

The following text focuses on the demand for heat parameter.
Therefore, coefficients that decrease the maximum heat output of
the WtEP are considered. Their use in the model is described by the
following Eq (1):

Table 2

Yearly profit, heat supply and electricity supply of a WtEP and incomes from heat.
Time step Hour Day Week Month Year
WIEP profit, Z [thous. EUR] 1619.9 1672.7 1675.8 1690.8 1862.4
Heat demand, D, Qugp + Qcg [T]] 189.6 189.3 189.6 189.6 190.5
Heat supply from WtEP, Qyyep [TJ] 94.7 167.2 167.6 169.4 190.5
Heat supply from GB, Qgp [T]] 94.9 22.1 22 20.2 0
Income from heat [thous. EUR] 7103 1254 1257 1270.5 1428.8
Electricity generation v [GWh] 6.1 6.1 6.1 6.1 6.1
Electricity consumption [GWh] 10.1 10.1 10.1 10.1 10.1
Electricity costs [thous. EUR] 184.1 184.1 184.1 184.1 184.1
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Prax = Pmax -k, (1)

where P, is the plant's corrected maximum heat output, Pngy is
actual maximum heat output, which is related to the processing
capacity C, and k is the fluctuation coefficient of heat supply (FCHS).
The idea of this coefficient was introduced in detail by Ref. [37] and
an example of its application is illustrated in Fig. 7. The case shown
here represents a situation, where Ppgx equals to the heat demand.
This can be considered as an extreme case leading to the highest
corrections. The effect of the peaks is the most significant. Both the
WIEP and gas-fired boiler supply heat to cover the demand. A
variation of demand within one month is displayed. The WtEP
annual throughput is 10 kt/y. Considering the lower heating value
of waste 9 MJ/kg and boiler efficiency 80%, it leads to Ppgx of
5.22 GJ/h. In reality, the WtEP covers the base load and supplies
3.26T] in this period as shown in the left part of the figure. The
peaks (0.5T]) are covered by the gas-fired boiler. If we use the
model on a monthly basis without correction, the heat supply from
WHEP is inaccurately found to be 3.76 TJ.

The goal is to achieve the correct value of heat supply, i.e. 3.26 T]
and 0.5 T] (areas above and below the Ppgx line) even in a simplified
model working with a month time-step. This is secured by applying
of FCHS with a value of 0.87 and results in a corrected P,,,, (see Eq
(1)) as shown in the right part of the figure.

An extensive investigation of the relationships between k, heat
demand d and WtEP capacity C was performed. As a result, the
dependence of k on the ratio of average monthly heat demand d
and maximum heat output of the plant Pyqx was found. This ratio is
denoted as R:

R—d

Pmax

(2)

Fig. 8 shows this dependence on one locality over three months,
which represents the winter period (January), transitional period
(March) and summer period (July). The processing capacity C of the
WIEP and the heat output has been changed continuously, creating

smooth curves.

The use of FCHS allows the calculation on a monthly basis while
maintaining real heat supply potential. The calculation of the model
described in section 3.1 was performed once again with the data on
a monthly basis. This time FCHS were employed and the calculated
annual profit was 1643.3 EUR, which corresponds to the accuracy of
an hourly or daily basis calculation (see Table 2).

3.3. A generalisation of correction coefficients

The correction coefficients bring a considerable improvement to
the profitability calculation. In some cases, however, no hourly data
may be available to determine these coefficients. Such cases include
a new DHS or cases where data is archived only at longer intervals,
eg.1h.

It is advisable to find a locality that is very similar to the
investigated locality and has similar demand fluctuation profiles.
Another solution can be to create general correction coefficients for
any location. To determine whether such coefficients can be
created, operational data on heat demand from a total of seven
localities with DHS from the Czech Republic were collected. The
values of individual FCHS obtained from this data are shown in
Fig. 9.

The graph shows all the calculated coefficients, depending on
the ratio R, see Eq (2). The ratio R is important but not the only
parameter on which the FCHS is dependent. The reasons for these
outliers are described to better understand and correctly estimate
future coefficients for individual situations.

a) Low values of coefficients for the ratio of R < 1: Coefficients that
are not close to zero with decreasing WtEP performance usually
occur in the summer when the heating plant stops its operation,
or there is a zero demand for heat for some time. This is, for
example, the case of heat supply sites only for heating without
DHW heating in the months when the heating season is over or
just started. In these months, it is not possible to apply all the

Fig. 7. The principle of use of error-correction coefficients.
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Fig. 8. Correction coefficients at one locality.

Fig. 9. Outliers of the correction coefficients.

heat produced irrespective of the power of WtEP, so the coeffi- heat, both at the monthly level and on a daily basis. High values

cient is always less than 1. are observed especially in large DHSs and in winter months.
b) Generally, low values of coefficients at a ratio of R <> 1:

Generally low coefficient values have two causes. Most of these Fig. 10 plots the data after removing that outliers that are caused

values correspond to the months at the beginning or end of the by non-standard operation states. The dependence of coefficients

heating season (May and September), i.e. with a very different on the mentioned ratio R with a linear approximation is also
demand for heat in different parts of the month. The low value shown. The FCHS for the assessed locality and a specific WtEP ca-
of coefficients is also linked to the instability of demand in a pacity (see Table 1) are highlighted.

given CZT network. Normally, the rule is that larger networks For illustration, Fig. 10 shows the FCHS for the model locality and
are more stable. This stability is usually only the ratio R one selected maximum heat output Ppgy. It is obvious that the
approaching one. correction coefficients are close to 1 in the winter when the heat
c) High values of coefficients at a ratio R approaching 1: Co- supply from WEEP is close to the maximum potential or in the

efficients gain higher values with a more stable demand for summer when the power peaks are covered by WtEP. The effect of
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Fig. 10. Fluctuation coefficient of heat supply FCHS.

correction coefficients is most pronounced in the transition period,
when the power peak is due to the greatest distortion in the
simplified modelling on a monthly basis.

Only the ratio R was used to create a linear regression model.
The values of the model are highlighted by the black line. Note the
significant deviations between the approximation and real values,
especially where the ratio R is close to 1. This means that the model
is not sufficient to generate coefficients in general for any location.

Obviously, a general linear model based on data from all avail-
able locations (and only dependent on the ratio R) is not very ac-
curate. If data is available on an hourly basis, it is generally
preferable to create correction coefficients accurately for a given
location. If data are not available, the linear replacement is at least a
partial improvement and is usable.

3.4. A technological and economic model of a complex integrated
system

A cooperation between WtEP and CHP plant is considered in the
following example, meaning the required model is more complex
compared to the investigated case study in section 3.1.

In the model example, the construction of a WtEP with a low
processing capacity (40 kt/y) was considered. The same DHS was
considered as in the simple example, but in this case, the heat
demand was divided on demand for steam and hot water. The
model used and description of the site was presented by Ref. [35].
The primary source of heat is a CHP plant composing of two coal-
fired fluidised-bed boilers and two steam turbines TG1 and TG2
(existing plant). Heat supply from a WtEP directly into hot water or
steam distribution system is analysed. The steam can be alterna-
tively used to drive TG2 in so-called ‘summer mode’, see further
below. A WtEP block diagram for an existing CHPP is shown in
Fig. 11. In the example, an existing CHPP with TGs and a DHS
connection is considered. The blue-coloured part of the diagram
shows the proposed new WtEP. It also shows the boundaries for a
model evaluation.

Against the above-mentioned input parameters to the example
model (see section 3.1), there will be:

o the output of the CHPP's boiler,
e wages of employees at the CHPP.

It is necessary to know the parameters of the CHPP as the WtEP
profit is calculated as follows. In the first step, the operation of the
existing CHPP only is simulated. Only devices not coloured blue in
Fig. 11 enter the calculation. The outcome is the profit z; of CHPP. In
the second step, the model is extended by the WtEP and the profit
is calculated again. This time it is the profit z, of the integrated
system (WtEP and CHPP). The IRR is based on the difference
between z, — z;.

Next, the demand for heat is divided into demand for steam and
hot water. This will make the calculation much more complicated
due to the fact that new steam flow variables will be created
separately for winter and for summer operation. The piping system
in winter mode is highlighted by blue dash-and-dot lines, similarly
in the summer mode, it is highlighted by red dashed lines, see
Fig. 11. It led to MINLP, but due to some modifications (see Ref. [38]),
it was converted to MILP.

The main income affecting the economy of WtEP projects in-
cludes revenue for processing waste (65 EUR/t) and selling heat (7.5
EUR/G]J). The key outcome of the model is the WtEPs profit in the
optimal mode of operation (same as the above-mentioned model).

The original model, published by Ref. [35], worked on a monthly
basis, i.e. twelve-time intervals were considered to describe oper-
ation during the year. Recasting the model on an hourly basis led to
task unsolvability. Put simply, it becomes a large MILP problem
with over 420,000 binary variables. A few simplifying changes have
to be made.

e The capacity of the WtEP is determined before calculation
(fixed C).

e The power output is taken as a function of steam throughput on
TG1 and TG2, which was described by the linear equation.

e Binary variables were removed, i.e. the model was decomposed
into the subtasks (winter mode with CHPP on, winter mode with
CHPP off, summer mode with CHPP on, summer mode with
CHPP off).

Individual subtasks have a linear character. Each subtask was
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Fig. 11. Scheme of integrated system WtEP and CHPP.

Table 4

Profit of WtEP in April and calculation time.
Model time interval Hour Day Week Month Year
Profit per month [thous. EUR] 165.6 1804 178.1 186.7 193.2

Computational time [s] Over 1500 51.9 9.7 5.4 54

counted in software GAMS by solver CPLEX. The ideal operating
conditions are determined by analysing the results of individual
subtasks. This means that each hour of operation is counted sepa-
rately. The result of this part is the profit, the amount of fuel
consumed, the amount of steam passing through individual tur-
bines, the electricity produced, and so on. Despite this, the calcu-
lation is very challenging and requires additional adjustment after
completion. The previously mentioned simplifications and only one
month of data allowed the calculation to be performed on an hourly
basis and the result was compared to other time steps. The results
for different time intervals are shown in the following Table 4.

The results show that fluctuations in hourly demand are also
very important in this case. For accurate estimates they should be
included in the model, however, the computational time is enor-
mous and it limits the model's applicability for real case studies.
When considering continuous demand development during a
plants lifetime (20—30 years), the calculation time would be about
five days. Due to the simplifications mentioned above, the calcu-
lation should still be repeated for all selected types of TG and ca-
pacities, which would result in unacceptable overall computation
times. In this regard, the month interval is a reasonable compro-
mise when similar corrections as mentioned in section 3 are
implemented.

Following the application of the above-mentioned approach, it
is, therefore, possible to proceed to complex multi-stage models,
which must not involve too much simplification.

3.5. Respecting the parameters of the peak-load source

As was mentioned above, a WtEP is integrated into an overall

system. In a real-life situation, in addition to fluctuations over short
periods of time, it is necessary to take into account the operating
parameters of the parallel heat source, which are:

1. Minimum heat output — Every heat source can be operated at a
certain power range. The minimum output is usually reported as
a percentage of the nominal/maximum output and is mainly
dependent on the type of combustion equipment and the fuel
used.

2. Possibilities of shutdown — If the power supply is not needed for
some time, it is possible to shut down the heat source. When the
steam or hot water boiler is shut down, the boiler can be
operated either in the hot or cold backup mode. The hot backup
is associated with a certain fuel consumption and is used in a
period when a demand for rapid power delivery may occur. In
cold backup mode, the boiler is shut down in the form of wet or
dry preservation.

These issues affect the heat supply from the WtEP in terms of
quantity and price. Fig. 12 shows how heat supply from a WtEP is
suppressed when a power range of the peak-load source is
considered. The heat is supplied from a WtEP and a coal-fired boiler
to a network with an annual demand of 600T]J. In this case, the
coal-fired boiler is over-sized and its minimum power P;, is 10
MW:; (about 25 TJ monthly). The WtEP has a thermal power of 25
MW; (about 36 T] monthly). It is assumed that the most economical
mode of operation is maintained all the time and if there is excess
heat, the supply from the coal-fired boiler is preferred. It is evident,
that the full potential of the WtEP cannot be used, especially in
transitional periods, when the coal-fired boiler cannot be shut
down due to the need to cover peaks in heat demand.

If the minimum power of the secondary heat source is included
in the input variables for calculating the correction coefficients, the
correction coefficients are greatly affected. From Fig. 13 Fig. 13, the
effect of this minimum power P,;;, on the value of the correction
coefficients is presented on the example of one DHS. The minimum
power was changed in the range of 0—20% of the maximum
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Fig. 12. Heat supply when considering the minimum output of the secondary source.

Fig. 13. The effect of the minimum power of the peak-load source.

demand in this DHS for modelling reasons. This means that the
minimum power of the boiler in question also varies from 0 to 20%
of its maximum power. Such low minimum power values are only
common for gas boilers. In the case of solid fuel boilers, this value is
considerably higher.

If this share is 0% it means that the boiler can be operated at the
full range from O to Ppax. If the minimum power is not considered
or is zero, the correction coefficients are defined only by limited
demand coverage at power peaks, so they are the coefficients
described in section 5. When a minimum power of 20% of the
maximum demand is considered, the correction coefficients of
values down to 0.56 are achieved in months when the ratio R is
approaching 1. Boiler shutdown was considered when it was not
used for at least one week. Otherwise, their operation was
considered at least at the minimum power level.

Fig. 13 above shows the average coefficients for all months and
performances of the WtEP within one site. Further analysis of
simulation results revealed that this average brings some

simplifications in the area where the relationship is higher
than R> 1, as there are step changes in the coefficient in this area,
see Fig. 14. This is due to the fact that from a certain WtEP power,
the peak-load source can be shut down for a part of the month. If
the performance of the WtEP reaches a value corresponding to the
maximum demand in a given month, the coefficient is equal to one.

Fig. 14 shows the dependence of the correction coefficients on
the ratio R in March at a minimum power of 20%. It is evident that
this dependence is continuous in the performance of a WtEP lower
than the average monthly demand because the coefficients are
affected only by the non-use of heat in the periods with a drop in
demand. With the increased WtEP performance, leaps can be
observed due to the possibility of shutting down the heating plant
at different times. If the WtEP performance reaches the value cor-
responding to the maximum demand in the month, the CHPP can
be shut down for a whole month, and the value of the coefficient is
therefore equal to one.

Simultaneously with the correction coefficients that do not
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Fig. 14. Fluctuation coefficients of heat supply FCHS at the considered peak power source load.

require the minimum power of the peak-load source, a linear
regression model has been created for the coefficients that are
considered. Parameters that came into the model are:

e heat demand,

e ratio R,

e minimal power of the peak-load source,
e average monthly temperature.

The determination coefficient was based on models with a peak-
load source with a minimum power below 0.5. This means that it is
not possible to create correction coefficients of sufficient quality.
Exact correction coefficients cannot be determined very well
without knowledge of the hourly demand for heat. However, it is
advisable to use them if more detailed data is not available.

4. Conclusions

A comparison of several approaches to the calculation of CHPP
operation was made in the presented text. Models can be divided
into several groups according to the time step used. A summary of
the advantages and disadvantages in relation to the time step are
shown in Table 5.

Models based on short time steps (short-term) are suitable for

Table 5
Advantages and disadvantages of the models according to the chosen time step.

use with existing plants. There is no need to optimise the plant
itself, but only its operation. Usually, this approach does not opti-
mise the life of the project, but only over a short period of time.
Mid-term models are already suitable for the conceptual design of
WILEP. They include slight simplifications while maintaining
acceptable computational demands. Long-term models are used to
initially verify whether it makes sense to think about the project at
all. The result is not exactly accurate since it also overlooks
important factors.

This work focuses on the design concept of WtEP, but at the
same time tries to eliminate the inaccuracies of models that arise
during mid-term or long-term approach. For this reason, the in-
fluence of short-time (hour) fluctuations in heat demand on the
accuracy of technological and economic models are described. The
differences among the obtained results (estimated profit of the
plant) were compared using two models. The first one was a simple
model of a WtEP and peak-time gas-fired boiler. The second was a
complex model of an integrated WtEP and CHPP. The most accurate
input data on an hourly basis was replaced by daily, weekly,
monthly or yearly averages. This measure is often necessary
because computational time would be untenable.

The annual WtEP profit in the first model differed by approxi-
mately 70,000 EUR (ca 4.4%), compared to the hourly and monthly
model. This difference may already have had an impact on the

Short-term (H, D)

Mid-term (W, M)

Long-term (Y)

Usability from the
perspective of a
WLEP

Number of time periods
(lifetime of WLEP is
25 years)

Advantages

Disadvantages

WHEP already in operation — planning a heat and
power supply diagram

H: 105 (8,760 x 25)
D: 103 (356 x 25)

Taking into account the actual energy consumption,

resource co-operation, minimum power of energy
sources, load-dependent efficiency

Large input data includes weather forecast, the
operation of individual boilers, etc.

Conceptual design of WtEP with
given parameters, monthly heat
supply

W: 103 (53 x 25)

M: 103 (12 x 25)

Consider changes based on the
season (heat consumption)

Partial simplification of the
effect of daily changes

Conceptual design of WtEP, choice of WtEP capacity,
estimation of investment costs

Y: 10! (1 x 25)
Easy calculation, suitable for WtEP with dominant
power generation or even heat supply

Considerable simplification, neglect of important
factors
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investor's decision. After applying correction coefficients, this dif-
ference was reduced to less than 25,000 EUR, which represents a
variation of only about 1.4% from the hourly calculation. In the
second model, the difference in the annual WtEP profit was up to
240,000 EUR. Here, the emphasis on the computational demands of
the model has already been mentioned. The computing time on the
hourly basis model was almost 300 times higher than the model on
a monthly basis. This means that for scenario tasks where recurring
calculation with other input data is required, this approach is very
inappropriate. Given that many of these tasks are scenario-based,
the use of correction coefficients is a suitable alternative.

The results have therefore highlighted the fact that heat demand
fluctuations play a significant role in a WtEP project planning.
There are several reasons why neglecting them is detrimental to
the quality of the results. The first one is represented by peaks of
heat demand. These peaks must be satisfied by another heat source.
On the other hand, the dips mean a decrease in the applicable heat
and cause a reduction in the potential of heat recovery. This
problem can be partially eliminated by applying the heat supply
correction coefficients, which was introduced in this paper. The
accuracy of the model was significantly improved with the use of
these coefficients and the time needed was kept to an acceptable
level. Another reason is the possibility of shutting down the addi-
tional heat source to a certain minimum performance when heat
demand is low enough. If the calculation is performed on monthly
basis, the shutdown is not usually proposed for an optimum period.
This applies in particular to situations where heat from large
sources of solid or liquid fuels is supplied to a given DHS network.

The article, therefore, points to two basic advantages of using
the proposed correction coefficients. The first is to significantly
shorten the computation time by switching from short-term
models to mid-term models for larger conceptual tasks. In some
cases, reducing the number of variables can even ensure solvability.
The second advantage is to refine models on a monthly basis
without knowing the demand for heat over short periods of time
(hours, days). This situation can occur, for example, when
expanding the DHS network or vice versa after disconnecting some
end-users. In these cases, the general correction coefficients
described in section 3.3 can be used.

For instance, when a peak heat source is sized, the maximum
heat demand is important. It is not possible to size the peak heat
source properly if only monthly averages are used. These examples
indicate that other ‘error-correction coefficients’ can be effectively
used, which will be a part of future work in this area.
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