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Preface

Non scholae, sed vitae discimus.
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Summary

This doctoral dissertation evaluated the use of sustainable biomass sources (agri-food
waste and residues, and industry streams) in anaerobic digestion with the goal of replacing
maize silage in a large-scale biogas production and investigated alternative pathways of biogas
utilisation incorporated in energy systems operating with high share of renewable energy
sources. The methods applied in the research included elements of chemical and mechanical
engineering in order to create a holistic approach that could be applicable to various biogas
plant cases. Experimental investigations showed the biogas yield of residue lignocellulosic
biomass of 0.192-0.275 Nm®/kgTS, and bulk food waste of 0.252-0.566 Nm3/kgTS. Meat and
bone meal and wastewater sludge were shown to be co-substrates with antagonistic effect in
biogas production, however they increased the reaction rate of overall degradation. Pyrolysis
of digestate showed lower energy requirements and higher biochar yield (38%) compared to
direct pyrolysis of lignocellulosic biomass (24%). The gate fee business model for receiving
biodegradable waste and the implementation of new technologies, namely biogas upgrading,
are the most likely options for biogas plants in the future. A robust mathematical model of
power-to-gas integration showed that the installation of 18 MWe of wind and 9 MWe of
photovoltaics with an additional import of 16 GWhel from the grid could produce 36 GWh of
renewable methane which could be economically competitive with natural gas if the feedstock
gate fee in the proposed system was -120 €/t. Geospatial availability of an energy potential of
biogas production from examined feedstocks, combined with Life Cycle Assessment of the
alternative biogas utilisation pathways created the synergistic effects in terms of reduced
environmental burdens by 4-36 times compared to the current operation. Based on the applied
methods and outcomes of the doctoral thesis, the research hypothesis “Applying holistic
approach on biogas plants, both on the production and utilisation side, can increase economic
profitability and environmental benefits over current subsidised operation” was tested and
confirmed. The economic feasibility of biogas plants after exiting subsidy schemes will include
the implementation of the gate fee business model for substrates, new investments in biomass
pretreatment lines, increase of on-site biogas storage capacity and additional investments in
renewable methane production system, primarily biomethane. Environmental burdens of such
actions will be reduced through a contribution of biowaste management on urban and rural
level, combined with the utilization of biogas for production of biomethane as a replacement

to natural gas.



ProSireni sazetak

Biomasa je obnovljiv izvor energije (OIE) te ima vaznu ulogu u diverzifikaciji opskrbe
energijom u Europskoj Uniji (EU) [1]. Ona doprinosi ravnotezi ugljikovog dioksida (CO2),
stvaranju radnih mjesta, smanjenju emisija staklenickih plinova (eng. Greenhouse gas, GHG) te
osiguravanju dostupnosti resursa i njihovom ekonomi¢nom gospodarenju [2]. U Republici
Hrvatskoj biomasa je definirana prema Zakonu o obnovljivim izvorima energije i
visokoucinkovitoj kogeneraciji kao “biorazgradivi dio proizvoda, otpada i ostataka bioloskog
podrijetla iz poljoprivrede (ukljucujuéi tvari biljnoga i1 Zivotinjskoga podrijetla), Sumarstva i
srodnih proizvodnih djelatnosti, uklju¢ujuéi ribarstvo i akvakulturu, kao i biorazgradivi dio
industrijskoga i komunalnog otpada” [3]. Biomasa se moze direktno koristiti kao gorivo za
dobivanje energije (npr. drvna biomasa u kotlovima), ili se moze biokemijskim, kemijskim, ili
termokemijskim postupcima pretvoriti u materijal dodane vrijednosti — biogorivo, ¢ime se postize
njezina Sira primjenjivost u energetske svrhe [4]. Biogoriva prve generacije dobivena iz
prehrambenih usjeva kao uzgojene biomase [5] nai$la su na neodobravanje znanstvene zajednice
i Sire javnosti, primarno zbog koristenja obradivih povrsina za njihov uzgoj. Napredna biogoriva
(druge i trece generacije [5]) proizvedena su iz biomase koja nije kompetitivna s proizvodnjom
hrane, a u nju spada otpadna biomasa iz kucanstva i industrije, poljoprivredni ostatci,
neprehrambeni usjevi te alge. Ova doktorska disertacija stavlja fokus na koristenje biomase u
procesu anaerobne razgradnje za dobivanje bioplina. Cilj istrazivanja je ostvariti sinergijski uc¢inak
izmedu ekonomicnog koriStenja otpadne biomase i1 proizvodnje energije u sustavima s velikim
udjelom OIE kako bi se postiglo smanjenje utjecaja na okoli$ u usporedbi s trenutnom praksom u
bioplinskim postrojenjima koja ukljucuje koristenje kukuruzne silaze i proizvodnju elektri¢ne

energije uz zajamcenu otkupnu cijenu.

Mjesto nastanka, tip biomase, te njezine koli¢ine bitan su faktor za stratesko
pozicioniranje novih bioplinskih postrojenja, te za planiranje novih lanaca opskrbe sirovinama
u postojecim postrojenjima. Geografski informacijski sustav (eng. Geographic Information
System, GIS) [6] prepoznat je kao vrijedan alat za mapiranje potencijala izvora biomase, kao i
odredivanje transportnih udaljenosti od mjesta nastanka biomase do postrojenja. GIS analiza
na razini EU pokazala je ukupni energetski potencijal za proizvodnju bioplina iz
poljoprivrednih ostataka i zivotinjske gnojovke na godiSnjoj razini jednak 0.7 EJ (oko 195
TWh) [7], Sto je dvostruko vise nego proizvodnja bioplina iz tih supstrata ostvarena u 2016

godini u EU. Primjenom GIS alata na lokalnoj razini u Grckoj, Sjedinjenim Ameri¢kim
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Drzavama i Finskoj pokazano je da ekonomski prihvatljive transportne udaljenosti za supstrate
mogu varirati izmedu 10 140 km [8-10]. Poveéanjem radijusa raspoloZzivosti biomase poveéava
se i kapacitet postrojenja ¢ime je moguce ostvariti vecu proizvodnju obnovljive energije, no
istovremeno stvara se dodatan teret na okolis, kako je jos uvijek veéina biomase transportirana
teretnim vozilima na fosilna goriva [10]. Ono §to takoder treba uzeti u obzir prilikom procjene
koriStenja biomase u bioplinskom postrojenju je njezina trzisna vrijednost, odnosno placa li
bioplinsko postrojenje za biomasu, ili dobiva naknadu za njezino gospodarenje (eng. Gate fee,
GF). U postoje¢im okvirima proizvodnje bioplina, cijena kukuruzne silaze je izmedu 15140 €
po toni sirovine [11], dok alternativni izvori biomase (npr. mijesani komunalni biootpad i

otpadna hrana) postizu GF u iznosu od -60 do 0 €/tona [11].

Nakon $to biomasa ude u prostor bioplinskog postrojenja, potrebno ju je adekvatno
pripremiti za proces anaerobne razgradnje. U tu svrhu mogu se Koristiti metode predobrade koje
se sluze termickim, mehanickim, kemijskim ili bioloskim postupcima (ili nekim njihovim
kombinacijama) [12]. Metode predobrade sluze kako bi potaknule proces razgradnje
kompleksnih polimernih molekula prisutnih u organskoj tvari, ¢ime se postize visa konverzija
biomase u bioplin [13]. Uspjesnost razgradnje biomase te proizvodnje bioplina, kao i stabilnost
u procesu odreduju se eksperimentalnim mjerenjima, pri ¢emu Se prate procesne varijable kao
Sto su sadrzaj suhe tvari (eng. Dry Matter, DM, ili Total Solids, TS), proizvodnja i sastav
bioplina, pH, koncentracija hlapljivih masnih kiselina (eng. Volatile Fatty Acids, VFA), ukupni
anorganski ugljik (eng. Total Inorganic Carbon, TIC), prisutnost amonijakalnog dusika (eng.
Ammonium-nitrogen, NHs-N), koncentracija soli, teSkih metala i ostalo [14]. Na temelju
vrijednosti navedenih procesnih varijabli operatori bioplinskih postrojenja znaju odvija li se
proces unutar dozvoljenih vrijednosti te kako reagirati ukoliko je primije¢ena nestabilnost u
procesu. Eksperimentalni podatci takoder sluze za modeliranje kinetike anaerobne razgradnje
[15] pri ¢emu se ovisnosti o kompleksnosti ulaznih podataka i trazenih rezultata mogu
primijeniti razni kineticki modeli [16-18]. Slozeniji modeli zahtijevaju ve¢i broj ulaznih
podataka, ali takoder daju i detaljniji uvid u mehanizam reakcija i otkrivanju tzv. uskog grla
procesa koji odreduje ukupnu brzinu nastanka bioplina. Osim bioplina, drugi proizvod
anaerobne razgradnje je digestat kojeg Cine nerazgradeni ostatci biomase u tekucoj fazi [19].
Tekuca frakcija digestata je obi¢no bogata makronutrijentima — dusikom (N), fosforom (P) i
kalijem (K), $to ju &ini primjenjivom kao gnojivo za tlo [20]. Cvrsta frakcija digestata takoder
sadrzi P, ali i zaostali organski ugljik (C) Sto ga ¢ini prikladnim za poboljSavanje karakteristika

tla, kompostiranje [21] ili za neki od oblika energetske oporabe [22]. Prednost koristenja
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digestata u opisanim nac¢inima leZi u ¢injenici da je njegova trzi$na vrijednost mala, tek 2-4 €/t

[23].

Proizvedeni bioplin najcesce se koristi kao gorivo u kombiniranoj proizvodnji elektri¢ne
i toplinske energije, kogeneracija (eng. Combined Heat and Power, CHP). Proteklih desetljeca
na razini EU mehanizmi subvencija za bioplinske kogeneracije u vidu feed-in-tariffa i feed-in-
premija rezultirale su intenzivnom penetracijom bioplina u elektroenergetski sektor [24].
Razina subvencija je definirana na nacionalnoj razini, ali u svim ¢lanicama EU nije niza od 80
€/MWhe, §to je gotovo dvostruko veci iznos od prosjeéne veleprodajne trzisne cijene elektriéne
energije u EU [25]. Takoder, ono §to je vazno napomenuti jest da su subvencije izdane na
odredeni period (12-20 godina od statusa stjecanja povlastenog proizvodaca elektri¢ne energije
[26]) nakon ¢ega ¢e bioplinska postrojenja morati razmotriti neke druge nacine iskoristavanja
(eng. Utilisation) bioplina da bi zadrzale ekonomski isplativo poslovanje. Prema podatcima
Europske udruge za bioplin (eng. European Biogas Association, EBA) u 2020. godini u Europi
je bilo instalirano 18,943 bioplinskih postrojenja, od kojih je 18,214 (96%) radilo u
kogeneracijskom nacinu, a ostalih 4% kao postrojenja za proizvodnju biometana kroz
tehnologiju poboljsavanja bioplina (eng. Biogas upgrading) odnosno uklanjanje svih ne-CHa
komponenti bioplina [27]. Ova doktorska disertacija detaljno razlaze inovativnije nacine
iskori§tavanja bioplina u budu¢im energetskim sustavima, Sto ¢e ukljucivati rad
kogeneracijskih postrojenja u trziSnim okvirima [28], pretvorbu bioplina u biometan te
proizvodnju e-metana kroz implementaciju power-to-gas (P2G) koncepta [29] u sustavima s

visokim udjelom energije iz varijabilnih OIE.

Primjena procjene zivotnog ciklusa (eng. Life Cycle Assessment, LCA) [30] moze otkriti
utjecaje promjene politika sirovina u proizvodnji bioplina i njegovog iskoriStavanja u sprezi s
buduéim energetskim sustavima u odnosu na okolis. Usporedba LCA performansi za
bioplinsko postrojenje koje koristi Zivotinjsku gnojovku i energetske usjeve pokazala je da
bioplin za proizvodnju elektri¢ne energije stvara ustede od oko 300 kgCO2-eq/MWhei, dok
upgrading bioplina u biometan i njegovo ubrizgavanje u plinsku mrezu Stedi oko 191 kgCO2-
eq za proizvedeni MWh biometana [31]. Za preglednije tumacenje opisanih rezultata potrebno
je izraziti emisije istom jedinicom, ali i prezentirati podatke o sastavu miksa elektri¢ne energije
(eng. Electricity mix). Za slucaj Irske, LCA je pokazao da integracija P2G koncepta za
upgrading bioplina, uz koriStenje elektricnog miksa od 85% OIE, moze rezultirati smanjenjem

GHG emisija za 70% u odnosu na fosilna goriva [32].
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Na temelju pregleda literature (detaljniji prikaz u poglavlju Introduction), dosad nije
zabiljezeno istrazivanje u podrucju anaerobne razgradnje koje povezuje mapiranje i koristenje
ostatne i otpadne biomase za proizvodnju bioplina sa njegovim iskoristavanjem u buduc¢im
energetskim sustavima. Ova doktorska disertacija je ocijenila takav cjeloviti pristup i

predstavila rezultate istrazivanja iz perspektive jednog, odnosno vise bioplinskih postrojenja.

Interdisciplinarni i cjeloviti pristup prema promatranoj temi Kkoristio je elemente

kemijskog i strojarskog inzenjerstva za ispunjavanje Cetiri glavna cilja istraZivanja:

e Kbvantificirati proizvodnju bioplina koriste¢i nove supstrate biomase kao S§to su
lignocelulozni ostatci iz poljoprivredne proizvodnje, otpadna hrana i industrijski
nusproizvodi koji nisu konkurentni proizvodnji hrane, kao §to je to sluc¢aj s kukuruznom
silazom u sadasnjoj proizvodnji bioplina.

e Procijeniti kineticke parametre anaerobne razgradnje novih supstrata kombinirajuci
matematicko modeliranje i eksperimentalne podatke kako bi utvrdili utjecaj kemijskog
sastava supstrata na stabilnost procesa i eventualna ograni¢enja u procesu.

e Utvrditi ekonomski isplative nacine buduc¢eg rada bioplinskih postrojenja na naprednim
energetskim trziStima nakon $to bioplinska postrojenja ostanu bez financijskih potpora
1 zajamcene cijene elektri¢ne energije.

e Procijeniti utjecaje na okolis razlicitih nacina koriStenja bioplina integriranih u buduce

energetske sustave s visokim udjelom obnovljivih izvora energije.

Ostvareni ciljevi istrazivanja te rezultati prezentirani su siroj znanstvenoj zajednici kroz

sedam objavljenih znanstvenih radova (Sest radova u kvartilu Q1 te jedan rad u Q2).

Znanstveni ¢lanak 1 (ARTICLE 1) [33] prikazuje detaljnu analizu lanaca vrijednosti
biomase iz razli¢itih poljoprivrednih ostatka, nusproizvoda i otpada (eng. Agricultural wastes,
co-products and by-products, AWCB). Rad opisuje faze u kojima i kako nastaje otpad kroz tri
specificna koraka wu lancu vrijednosti: proizvodnja/uzgoj, obrada u industriji te
potro$nja/konzumacija. Analiza ukljucuje razdoblje od 7 godina, od 2010. do 2016. u 28
zemalja ¢lanica Europske unije (EU28) te ukljucuje Cetiri razlicita sektora sa 26 analiziranih
dobara (eng. Commodity) i prikladnim vrstama otpada koji se pojavljuju u tim sektorima. Za
izraun tehni¢kog potencijala AWCB koriSteni su javno dostupni podaci iz EUROSTAT i
FAOSTAT baze, a metoda proracuna ukljucivala je upotrebu specifi¢ne kolicine AWCB po
analiziranim dobrima i sektoru. Rezultati su pokazali da je u analiziranom periodu u EU28

procijenjena kolicina AWCB iznosila oko 18,4 milijarde tona, a prema udjelima: animalni
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sektor ~ 31%, sektor povréa ~ 44%, sektor Zitarica ~ 22% te sektor voca ~ 2%. Analizirajuci
pojedine sektore i koli¢ine nastalog AWCB, daljnje istrazivanje bilo je usmjereno na evaluaciju
koriStenja odredenih AWCB iz lanca vrijednosti biomase u procesu anaerobne razgradnje s
ciljem proizvodnje bioplina. Znanstveni ¢lanci 2, 3 i 4 pokazuju rezultate takvog pristupa uz

primjenu istrazivackih metoda kemijskog inzenjerstva.

ARTICLE 2 [34] istrazuje upotrebu lignoceluloznih ostataka trave kao zamjene za silazu
kukuruza u anaerobnoj razgradnji. Uzorci trave prikupljeni su s podrucja koja nisu
kompetitivna s proizvodnjom hrane: neobradeno zemljiSte, obala rijeke Save u gradu Zagrebu
te bankina autoceste. U istrazivanju je odreden svjezi i suhi prinos biomase, njezin kemijski
sastav, prinos te sastav proizvedenog bioplina, a primjenom Anaerobic Digestion Model No. 1
(ADM1) modela odredeni su kineticki parametri razgradnje trave. Ujedno, na kraju je dana
elektricne i toplinske energije. Rezultati istrazivanja su pokazali da je najveci prinos ostatne
trave utvrden za obalu rijeke, sa prosje¢nom vrijednosc¢u od 19 t/ha svjeze mase i 2.6 t/ha suhe
mase. Svi uzorci trave pokazali su zadovoljavaju¢e parametre za primjenu u anaerobnoj
razgradnji — omjer C/N izmedu 16.6: 1 do 22.8: 1. Ostvareni biokemijski potencijal metana u
monorazgradnji (monodigestiji) ostataka trave su: 0.275 Nm®/kgTS za travu s neobradenog
zemljista, 0.192 Nm3/kgTS za travu s obale rijeke i 0.255 Nm®/kgTS za travu s bankine
autoceste. Procijenjeni kinetic¢ki parametri razgradnje trave razlikuju se od do sada objavljenih
rezultata, prvenstveno zato $to prijaSnje analize ukljucuju specifi¢ne tipove travnate biomase,
travnatom biomasom u proizvodnji elektri¢ne i toplinske energije pokazali su prednosti u
smislu ostvarenog doprinosa kvaliteti ekosustava (eng. Ecosystem quality) i ljudskog zdravlja
(eng. Human health), no takoder i nesto ve¢e emisije GHG uzrokovane izgaranjem fosilnih
goriva u poljoprivrednoj mehanizaciji 1 poveéanim transportom trave zbog nizeg prinosa
bioplina u odnosu na silazu. Cvrsta frakcija digestata dobivena u procesu monodigestije trave
koriStena je u znanstvenom c¢lanku 3 (ARTICLE 3) kao ulazni materijal za istrazivanje procesa

pirolize.

Cilj istrazivanja u ARTICLE 3 [35] bio je odrediti utjecaj anaerobne razgradnje na sastav
lignocelulozne biomase koristenjem termogravimetrijske analize (eng. Thermogravimetric
analysis, TGA). Takoder, procijenjeni su iznosi energije aktivacije i modificiranog
predeksponencijalnog faktora za travu i njezine digestate, kao i prinos kona¢nog ostatka

pirolize (eng. Biochar). Rezultati su pokazali da je procijenjena koli¢ina razgradene celuloze i
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hemiceluloze u istrazivanim uzrocima trave oko 44-50%. Nadalje, digestati trave pokazali su
veéi prinos biochar-a (oko 38%) u odnosu na uzorke trave (oko 24%). Kombinirani proces
anaerobne razgradnje trave i pirolize njezinih digestata pokazao je manje vrijednosti
procijenjenih kineti¢kih parametra $to upucuje na nize energetske potrebe takvog procesa u

odnosu na direktnu pirolizu trave.

ARTICLE 4 [36] bio je izraden u suradnji sa industrijom biomase i bioplina. U radu je
eksperimentalno istrazena razgradnja otpadne hrane (eng. Food waste, FW) iz bioplinskog
postrojenja zajedno s nusproizvodnima iz kafilerije (eng. Rendering plant): mesno-kostano
brasno (eng. Meat and bone meal, MBM) i mulj sa otpadnih voda (eng. Wastewater sludge,
WWS). Prvo je provedena termicka predobrada uzoraka FW (FW1 i FW2) pri temperaturi od
35 °C i trajanju 5 dana u koju su bili dodani MBM i WWS u udjelima od 5, 101 15% TS. Nakon
toga slijedila je anaerobna razgradnja pri 40.5 °C u trajanju od 40 dana. Uvjeti termicke
predobrade i proizvodnje bioplina u laboratorijskom mijerilu replicirani su iz rada samog
bioplinskog postrojenja. Takoder, za vrijeme procesa u laboratoriju bile su pracene sve
procesne varijable kao i u radu digestora na postrojenju. Kao rezultat predobrade kemijska
potro$nja kisika (eng. Chemical Oxygen Demand, COD) ispitivanih uzoraka povecala se za 7
— 26%. Dodavanjem MBM u FW1 doslo je do povecanja vrijednosti COD kao i NHs-N, dok
se u slucaju dodatka WWS u FW?2 postiglo smanjenje, $to je i bilo ocekivano, buduci da je
WWS materijal s niskim udjelom organske tvari. Kao rezultat testa anaerobne razgradnje
dobiveni su sljede¢i prinosi bioplina: za FW1 — 0.566 Nm®/kg TS, za FW1-MBM — 0.499
Nm3/kg TS, za FW2 — 0.252 Nm®kg TS i 0.195 Nm3kg TS za FW2-WWS. Tako $irok raspon
vrijednosti rezultat je heterogenosti FW (FW1 i FW 2 uzete su s vremenskim razmakom od
dva mjeseca na istom postrojenju). Prema sastavu proizvedenog bioplina, kao i ostalim
procesnim varijablama moze se zakljuciti da su FW1 i FW2 vrlo sli¢ni po sastavu, ali da je
istovremeno postojao neki uzroénik inhibicije u proizvodnji bioplina za uzorak FW2, koji se
nije mogao procijeniti na temelju dostupne opreme i provedenih mjerenja. Tek su mjerenja
elektricne vodljivosti ukazala na to da uzorak FW2 sadrzi nesto ve¢u koncentraciju soli koja bi
mogla biti uzro¢nik smanjenog prinosa bioplina. Nusproizvodi kafilerije dodani u 5%-tnom
udjelu uzrocima FW rezultirali su smanjenjem proizvodnje bioplina za 12% u slu¢aju MBM i
23% u sluéaju WWS, ali nisu utjecali na stabilnost proizvodnje. Stovise, analizom kinetike
razgradnje ustanovljeno je da MBM i WWS ubrzavaju proces razgradnje FW §to se vidi iz

viSeg iznosa reakcijske konstante. Takoder, pokazano je da ispitivani uzorci najbolje koreliraju



sa kinetikom prvog reda §to je vidljivo iz najnize ostvarene vrijednosti RMSE (eng. Root mean

square error) koja je iznosila 0.015 Nm?kg TS.

U znanstvenom ¢lanku 5 (ARTICLE 5) [37] provedena je tehno-ekonomska i scenarijska
analiza rada bioplinskog postrojenja nakon isteka subvencija za proizvodnju elektri¢ne
energije. Vodenje takvog sustava temeljilo se na iznosu cijena elektri¢ne energije i biometana
(eng. Unit commitment with economic dispatch) koje su odredivale koja od jedinica za prihvat
bioplina: CHP, upgrading ili spremnik ima najve¢u ekonomsku isplativost u danom trenutku.
Za opis dinamike kori$ten je program MATLAB/Simulink, a za ekonomsku analizu MS Excel.
U prvom scenariju prikazan je utjecaj cijene proizvodnje elektri¢ne energije u bioplinskom
postrojenju (eng. Break-even point of electricity production, BECPe) na broj radnih sati kada
ono moze ostvariti svojevrstan profit na dan-unaprijed trzistu (eng. Day-ahead market)
elektri¢cne energije. Rezultati su pokazali da kada vrijednost BECPel postane 40 €/MWhel,
bioplinsko postrojenje moze ostvariti (neki) profit rade¢i samo 4,000 sati godisnje, kako je
ostalo vrijeme cijena elektricne energije na trzistu niza od cijene proizvodnje. Kada BECPe
postane 100 €/ MWhel bioplinsko postrojenje ne moze ostvariti nikakav profit rade¢i na dan-
unaprijed trziStu. Kao jedno od rjeSenja koje se namece za smanjenje vrijednosti BECPe je
koriStenje supstrata s negativnom cijenom (GF model) koja je detaljnije prikazana u ¢lanku 6
(ARTICLE 6). Drugi scenarij ukljucivao je instaliranje upgrading jedinice i proizvodnju
biometana, a proizvodnja elektri¢ne energije ovisila je 0 cijenama na trziStu uravnoteZenja
(eng. Balancing market). Takav pristup je pokazao da bioplinsko postrojenje i uz relativno
visoku cijenu biometana od 80 €/ MWh, mozZe u odredenim trenutcima ostvariti i veci profit
ako radi na balancing trzistu. Trec¢i scenarij za bioplinsko postrojenje ukljucivao je integraciju
industrijskog otpada iz proizvodnje Seéera za proizvodnju bioplina i njegovo koristenje za
proizvodnju procesne topline u vrijeme Secerne kampanje. Takav pristup pokazao se relativno
neisplativim za bioplinsko postrojenje kako je cijena prirodnog plina na veleprodajnom trzistu

jos uvijek dosta niska i bioplin joj ne moze u tom smislu biti konkurentan.

ARTICLE 6 [38] predstavlja rezultate integracije P2G koncepta u rad bioplinskog
postrojenja koje se nalazi u GF poslovnom modelu, odnosno prima naknadu za ulazni supstrat
pri proizvodnji bioplina. Cilj istraZivanja bio je razviti robustan matematicki model na satnoj
razini za procjenu optimalnih kapaciteta vjetroelektrane i solarne elektrane, veli¢ine spremnika
za bioplin te kapacitete elektrolizera, upgrading jedinice i metanatora (eng. Methanation unit)
koriste¢i linearno programiranje i besplatni (eng. Open source) programski jezik Julia. Kao

funkcija cilja koriStena je minimizacija ukupnih troskova. Matematicki model testiran je na
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postojecoj bioplinskoj elektrani instalirane snage 1 MWe. Utvrdeno je da P2G koncept
zahtijeva integraciju 18 MWe vjetra i 9 MWe solara na lokaciji, uz dodatan uvoz elektri¢ne
energije iz mreze U iznosu 16 GWhe kako bi se na godiSnjoj razini proizvelo 36 GWh
obnovljivog metana. Analiza je pokazala da GF (u promatranom slu¢aju za otpadnu hranu)
znacajno doprinosi ekonomskoj odrZivosti obnovljivog metana: promjena GF za 100 €/toni
rezultira smanjenjem troSkova njegove proizvodnje za 20-60%. Ustanovljeno je da za
vrijednost GF=-120 €/tona obnovljivi metan iz prikazanog koncepta postaje Cjenovno
konkurentan prirodnom plinu. Robusna priroda modela pokazala je da nesigurnosti povezane
s proizvodnjom elektrine energije iz vjetra i solara na lokaciji mogu povecati troSkove

proizvodnje obnovljivog metana za 10-30%.

ARTICLE 7 [39] integralno obuhvaca rezultate svih dotad objavljenih radova u sklopu
izrade doktorske disertacije i smjesta ih u kontekst testiranja hipoteze. U njemu je provedena
geoprostorna analiza (eng. Geospatial analysis) bioplinskog sektora koristenjem javno
rada bio je mapirati energetski potencijal otpadne trave, industrijskih nusproizvoda i otpada, te
komunalnog biootpada (otpadne hrane) za zamjenu kukuruzne silaze u postojecoj proizvodniji
bioplina te planiranje prosirenja bioplinskog sektora. Kao studija sluc¢aja (eng. Case study)
koriStena je Sjeverna Hrvatska (eng. Northern Croatia), podrucje s intenzivnim bioplinskim
sektorom te snaznom industrijom, poljoprivredom i velikom gusto¢om stanovnistva. Rezultati
su pokazali da bi navedene sirovine mogle zamijeniti 212 GWh bioplina iz kukuruzne silaze u
postoje¢im bioplinskim postrojenjima te stvoriti dodatnih 191 GWh biometana u novim
postrojenjima. Takoder, geoprostorna analiza je pokazala da su neka bioplinska postrojenja
izgradena u neposrednoj blizini plinske transportne mreze (<2km udaljenosti) i da imaju
potencijal za utiskivanje biometana u plinsku mrezu. Cjelokupna analiza utjecaja na okoli§
postojec¢ih bioplinskih postrojenja pokazala je da integralni pristup proizvodnji i koriStenju
bioplina stvara sinergijske ucinke u smislu smanjenja optere¢enja na okolis, Sto izravno
dokazuje hipotezu studije. Kompleksnost P2G koncepta i njegovi intenzivni energetski zahtjevi
Cine ga trenutno nepovoljnijim u usporedbi sa klasi¢énim upgradingom bioplina, no isti dolazi

do izrazaja kada se u razmatranje uzmu buduci energetski sustavi s visokim udjelom OIE.
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Znanstveni doprinosi ovog rada ostvareni su kroz provedena istrazivanja te prikazani

kroz objavljene rezultate u radovima kako slijedi:

e Eksperimentalnim istrazivanjem anaerobne razgradnje novih supstrata biomase odredit
¢e se potencijalne prepreke u proizvodnji bioplina, poput pojave inhibicije ili utjecaja

tipa biomase na stabilnost procesa:

ARTICLE 2: Ustanovljeno je da lignocelulozna biomasa u obliku ostatne trave ne sadrzi
fizikalno-kemijske karakteristike koje bi ogranicile njezinu upotrebu za proizvodnju bioplina.
Stovise, pokazalo se da ista uzrokuje poboljsanu kontrolu pH $to doprinosi stabilnosti
proizvodnje bioplina. Nedostatak njezinog koristenja je taj $to je za ostvarivanje vecih prinosa

potrebno primijeniti neki oblik predobrade.

ARTICLE 4: Heterogenost otpadne hrane utjeCe na vodenje procesa za Sto je potrebno
ustanoviti robusnu kontrolu procesnih varijabli. Pokazalo se da i na razini bioplinskog
postrojenja postoje neke varijable koje se ne prate na dnevnoj razini (prisutnost soli i metala),
a koje mogu uzurpirati proizvodnju bioplina. Ustanovljeno je da kafilerijski nusprodukti i otpad

u manjim koli¢inama mogu doprinijeti povecanju brzine razgradnje otpadne hrane.

e Predloziti alternativne mjere za trenutni sektor bioplina uzimajuci u obzir trzisne cijene

1 analizu utjecaja na okoli$ koriste¢i pristup procjene Zivotnog ciklusa.

ARTICLE 5: Alternativne mjere za bioplinski sektor u vidu proizvodnje biometana i rada
bioplinskih postrojenja na day-ahead i balancing trzistu elektricnom energijom pokazala se
kao najvjerojatnija opcija nakon napustanja poticajnih sustava za proizvodnju elektricne
energije. U takvim okvirima tranzicija s kukuruzne silaze na supstrate alternativne supstrate

postati ¢e prihvatljiva operativna odluka uz dodatne investicije u novu opremu.

ARTICLE 6: Integracija varijabilnih OIE u rad bioplinskih postrojenja pokazala je da ¢e se u
buducnosti paradigma bioplinskih postrojenja kao takvih promijeniti — vise nece biti samo

pasivni proizvodaci struje, nego ¢e postati aktivni sudionici na trzistima energijom.

ARTICLE 2: Pokazano je da otpadana trava viSe doprinosi kvaliteti ekosustava i ljudskom
zdravlju nego kukuruzna silaza, iako uzrokuje vece emisije staklenickih plinova, prvenstveno

zbog intenzivnijih potreba za transportom na fosilna goriva.

ARTICLE 7: LCA predlozenih mjera za sektor bioplina koje uklju¢uju zamjenu kukuruzne
silaze alternativnih oblicima biomase te iskoristavanje bioplina u sustavima s visokim udjelom

OIE pokazala je sinergisticki efekt u smislu smanjenja cjelokupnog tereta na okolis. Analiza je
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takoder pokazala da je integracija P2G u promatranim okvirima jo§ uvijek neatraktivna zbog

kompleksnosti sustava i energetski intenzivnih procesa.

e Napredni model geografskog informacijskog sustava mapiranja novih izvora biomase
koji ¢e u kombinaciji s razli¢itim nacinima koriStenja bioplina integriranim u sustave
visokih obnovljivih izvora energije u naprednim energetskim trziStima rezultirati
robusnim matematickim modelima primjenjivim na razlicite slucajeve bioplinskih

postrojenja.

ARTICLE 6: Razvijeni robusni model integracije P2G koncepta u rad bioplinskog postrojenja
pokazao je sinergiju izmedu GF poslovnog modela te integracije obnovljive elektri¢ne energije
i topline koji su objedinjeni u postavljenoj matemati¢koj formulaciji nivelirane cijene

obnovljivog metana (eng. Levelized cost of renewable methane, LCORM).

ARTICLE 7: Razvijeni GIS model obuhvaéa analizu postojec¢ih bioplinskih postrojenja i
pozicioniranje buducih biometanskih postrojenja na temelju geoprostorne analize dostupnih

alternativnih supstrata i polozaja plinske mreze.

Hipoteza ovog istrazivanja je da je primjenom cjelovitog pristupa u radu bioplinskih
postrojenja, i na strani proizvodnje 1 iskoriStavanja bioplina, mogucée povecati ekonomsku
profitabilnost 1 doprinos zastiti okoliSa u usporedbi s trenutnim subvencioniranim radom. Kroz

provedena istrazivanja hipoteza je testirana i potvrdena uzevsi u obzir sljedece:

e FEkonomska profitabilnost bioplinskih postrojenja nakon napuStanja subvencija i
ograniCenja u KkoriStenju kukuruzne silaze bit ¢e teze ostvariva. Ukljucivat ce
implementaciju GF poslovnog modela za supstrate za $to ¢e biti potrebne nove
investicije po pitanju linije za predobradu, povecéanje kapaciteta za spremanje bioplina
na lokaciji kako bi postrojenje bilo fleksibilnije na trziStu elektricne energije te dodatne
investicije u sustav za proizvodnju obnovljivog metana, prvenstveno biometana.

e (jeloviti pristup pokazao je da ¢e doprinos buduceg bioplinskog sektora smanjenju
okoli$nih tereta i¢i kroz dvostruki doprinos: iz gospodarenja otpadom za proizvodnju
bioplina koji ¢e ukljucivati prvenstveno komunalni i industrijski biootpad u urbanim
bioplinskim postrojenjima, a poljoprivredne ostatke u ruralnim bioplinskim
postrojenjima, te iskoriStavanja bioplina za proizvodnju obnovljive energije u vidu

biometana.
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1 Introduction

1.1 Background

Sustainable biomass, and its important role in a net-zero GHG emissions economy, is
recognized in the "Clean Planet for all”, European strategic long-term vision for a prosperous,
modern, competitive and climate neutral economy [40]. Biomass can be used as biofuel or
transformed into them, replacing the fossil fuels in energy sectors and in the production of
value-added products. Conventional approaches for biofuel production are divided in two
groups based on the feedstocks used and conversion methods. Thermochemical methods
consider pyrolysis, gasification and liquefaction of biomass, while biological and biochemical
pathways are represented by aerobic fermentation and anaerobic fermentation (more
commonly known as anaerobic digestion) and biocatalyst [41]. Lignocellulosic biomass is
usually utilised in thermochemical processes to produce hydrocarbons, bio-oil and synthetic
gas [42]. Oil crops and algae are common in transesterification where the target product is
biodiesel [42]. Biomass rich in starch and sugars is usually utilised in aerobic fermentation to
produce bioethanol and biobutanol [42]. In the end, wet biomass (in general from all sources)

is applicable in anaerobic digestion (AD) to produce biogas [42].

Total energy from biomass (bioenergy) accounts for about 10% of the total European
energy consumption [43], and further expansion is expected in the future as most technologies
are mature and available on the market. However, in the coming decade the sector of bioenergy
and biofuels will certainly need to adopt some new measures and policies in order to avoid sub-
optimal use of biomass and the long-term lock-in effect caused by subsidy mechanisms [44].
Such measures were already recognized in a revised version of the Renewable Energy Directive
(RED I1) from 2018 [45], in which it was stated that when planning future renewable sources
of energy (RES), Member States should consider the available supply of biomass and take into
account the principles of the circular economy and waste hierarchy, the promotion of waste
recycling and waste prevention, all that in order to avoid unnecessary distortion of raw
materials markets. Among all mentioned biomass conversion technologies, only AD is
considered as a recycling technology for waste, as it recovers both energy (in the form of

biogas) and materials (in the form of digestate applicable as a fertiliser on land) [46].



In the European bio-based economy, biogas is positioned as a flexible and
multifunctional RES that has an important role in reducing non-CO2 emissions and store carbon
through sustainable biomass management. In comparison to other biofuels such as biodiesel,
bioethanol, biobutanol, etc., biogas is the only biofuel type which can be produced using a wide
range of biomass sources like animal waste and residues, agro-industrial waste, sewage sludge,
biowaste and energy crops [47]. Another advantage of biogas over other biofuels is its chemical
composition which accounts for ca. 60% CHas and ca. 40% of biogenic CO2 [48]. In that form
biogas has favourable properties (heating value of ca. 6 kwh/m?) to be directly utilised as a
fuel in internal combustion engines and boilers [49] to generate power and heat on a large scale,

or to be utilised as a transport fuel.

Over the years biogas took significant portion in generating electricity and heat, while
recently more stress was given on using biogas as an alternative fuel to natural gas, and in the
production of value added products [50]. EU is a world leader in the biogas production and
utilization with almost 19,000 operating plants as shown in Figure 1, which produce ca. 15.8 -
10° m?® of biogas per year [27].
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Figure 1 European Biogas Association (EBA): Development of the number of biogas
plants in Europe, 2009-2019 [27]

The intensive expansion of the European biogas sector was recorded between 2010 and
2012. This was a result of strong subsidy mechanisms and tariffs which opened biogas
technologies a pathway to enter the production of electricity [26]. In 2017, the total installed
capacity of biogas CHP units in the EU was 10,532 MWe which produced in total 65,179
GWhei [51]. An overview of subsidy mechanisms in form of feed-in tariffs (FIT) and feed-in-
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premiums (FIP) for biogas electricity in EU countries [52] showed that the level of initiatives,

as well as the granted operation under subsidy models are country specific, but in general they

are quite similar. In more details, Table 1 presents the extracted levels of subsidies for biogas

plants producing electricity and duration of granted operations [52].

Table 1 An overview of subsidy mechanisms and granted durations for biogas

electricity in EU28 [52]

EU Country Subsidy mechanism Level of subsidies

Granted duration [y]

[€/MWheI]
Austria FIT 125.1 - 186.7 15
Bulgaria FIT 173.9 - 207.6 1
Croatia FIT 150.0 — 190.0 14
Denmark FIP Max. 110.0 Several terms and
Deadlines
Finland FIP 83.5 + 50.0 heat bonus 12
France FIT 81.2-975 15
Germany FIT/FIP 56.3-277.3 20/20
Greece FIT 94.0 - 230.0 20
At most the duration of
Hungary FIT 75.0-121.0 amortization of the
plant
Italy FIP 140.0 — 236.0 20
Ireland FIT 136.6 — 157.0 15
Lithuania FIT 111.0-134.0 10
Luxemburg FIT 117.0 — 147.0 15
Netherlands FIP 70.0-113.0 12
Portugal FIT 102.0 - 117.0 15
Slovakia FIT 102.3-120.5 15
Slovenia FIT/FIP 161.8 — 165.6 15/12
United Kingdom FIT 81.5-84.0 20




In all country states the level of subsidies depends on the installed capacity of biogas
power plant — the higher the capacity, the lower the subsidy. Also, in some countries the level
of subsidies complies with the origin of biogas (higher subsidy for waste feedstocks utilised),
and for higher energy performances. Belgium, Cyprus, Czech Republic, Estonia, Latvia,
Romania, Poland, Malta, Spain, and Sweden were not included in the analysed study. Table 1
indicates that subsidies for biogas electricity are significantly higher than the average wholesale
baseload electricity prices in Europe, which were in 2020 in the range of 24.5 €/ MWhe in
Sweden to 44.6 €/MWhel in Greece [53]. It is important to remark that average wholesale
market prices were introduced in the discussion only for the rough comparison. Namely, the
price of electricity changes from hour to hour and it is impacted by numerous factors such as

the energy mix, distribution/transmission costs, energy taxes, and other factors.

By looking at the data presented in Figure 1 and Table 1 it can be concluded that some
biogas plants in EU are near the end of operation under subsidy models, which could mean that
they will continue operation on liberal electricity markets. For biogas plant owners that utilise
high-cost substrates (e.g., maize silage) in biogas production this would mean significant
reductions of profit, facing a non-feasible operation and closing the businesses. An overview

of the feedstocks used in European countries to produce biogas is shown in Figure 2.
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As it can be seen in Figure 2, agricultural feedstocks composed of livestock manure, farm
residues, plant residues and energy crops are the driving force of biogas production in Europe.
In the highly developed biogas sectors (like in Switzerland, Denmark, Finland, and Sweden)
more than 50% of feedstocks come from biowaste, sewage and industrial waste. Energy crops
were intensively utilised in Austria and Germany, however their tendency decreased in the total
feedstock composition over the years. Utilising energy crops for biogas production is not in
line with the principles of sustainable development and the production of biofuels of second
and third generation [5]. Therefore, several biogas sectors among the European countries
limited the utilization of maize silage and corn, to a share of 30-50% of the total input feedstock
[55,56], and a further decrease in the use of maize silage is expected. Less developed biogas
sectors which were not presented in Figure 2 originate mostly from countries of East and
Southeast Europe, where biogas technology is not yet extensively deployed [57]. Biogas sector
in those countries has the potential to start implementing more sustainable approaches from the
start, avoiding recognized operational issues in more mature sectors, and create additional

benefits.

The main strengths related with adaptation of biogas technology are reflected in the local
accessibility of biomass and application of various waste types, reduction of carbon footprint
in energy production, and contribution to the protection of environment and climate [58]. From
the economic aspect, biogas was recognized as an investment-intensive technology, which
requires a certain level of subsidies in order to maintain a stable and feasible business operation
[58]. Also, biogas plants depend on the raw materials market which can be highly different
from region to region. In the end, the social barriers coming from the local community stopped
the development of some biogas projects in the past, mainly caused from the deficiencies in

the education regarding processes in biogas plant [58].

As can be concluded from the overview of biogas sector, two major operating issues will
be present in the upcoming decade: restrictions in using energy crops and exiting subsidy
systems with guaranteed prices of electricity. In such conditions, biogas plant owners and
operators will need to look for a broader approach, leading to the change of existing paradigm
of biogas plants as passive energy producers [59]. Furthermore, non-technical issues will also
be present, pointing mainly to concerns of stakeholders for the further development and
expansion of biogas sector [60]. In the following part of this section, a comprehensive analysis
of AD technologies is given with an emphasis of applying scientific and engineering research

methods.



1.2 Science and engineering of anaerobic digestion

The biogas-related topic falls under the multidisciplinary engineering area. The field of
(bio)chemical engineering contributes to studying AD through experimental research, analysis
of feedstock composition, and modelling of reaction kinetics. The elements of mechanical
engineering are used to examine the utilisation of biogas for various energy purposes, as well
as identification of economic and environmental features of biogas. Except for these two
dominant engineering approaches, biogas is also studied in other engineering fields like
agriculture, civil, electrical, materials, etc. The scientific community recognized AD as an
interesting topic that has potential for expanding and presenting new trends in research and
development. By entering the keyword “biogas” in the Web of Science search engine [61], the
cumulative number of publications in the period 2000-2020 was equal to 9,709, out of which
the dominant category was articles in journals (ca. 80 %). The same approach was repeated
using keyword “natural gas”. The distribution of counted publications (shown in bars) and

cumulative publication (lines) for both keywords is given in Figure 3.
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Figure 3 Number of biogas-related and natural gas-related publications in the period
2000-2020, according to the Web of Science [61]



The analysis of data in Figure 3 showed that at the start of this century the natural gas
was more favourable in scientific publications than biogas. However, such trend changed over
the time, and in 2015 the number of biogas-related publications prevailed. At the end of 2020,
the number of biogas publications was by 10% higher than for natural gas, and it is projected
that the difference will be more significant in the current decade. In the further elaboration of
this doctoral dissertation, a review of AD in terms of biomass availability and conversion and

biogas utilization will be given.

1.2.1 Degradation and availability of biomass

For many years, animal manure has been efficiently used as a feedstock in AD, reducing
its negative impacts on the environment like the contamination of ground waters and soil [62];
emissions of carbon dioxide, methane and nitrous oxide [63]; reduction of waste, odour and
the destruction of pathogens [64] and showing its better fertilisation effect [65]. Cattle manure
appears to be a major substrate for biogas plants, especially in the intensive-farming countries
[66]. Using only animal manure has some disadvantages, and one of the major is low carbon
to nitrogen ratio (C/N) [64] and low biogas yield (10+20 m3/t of fresh matter, FM) [67]. To
overcome such issues on the large scale biogas production, animal manure is usually co-
digested with maize silage, usually under mesophilic conditions, 35-40 °C [68,69]. Benefits of
using maize silage in AD is its high yield (10-30 tons of TS per hectare), high specific methane
production (0.206-0.283 Nm?kg of the volatile solids—VS) and stability in operation [69].
However, the cultivation of maize silage involves environmental burdens related to the
consumption of energy and fertilizers, fluctuation of its price on the market of goods, as well
as changes in indirect land use [70]. As an alternative to cultivated energy crops, other biomass
sources have shown potential to produce biogas, such as residues from agriculture and industry

[71], municipal organic waste and various sludge types [72].

Agricultural residues in the form of lignocellulosic biomass showed respective
biochemical methane potential (BMP) from biomass biodegradation, thus they are promising
feedstocks to produce energy-rich methane gas. It has been calculated that the annual global
production of dry biomass exceeds 2.00 - 10'*t [73] and thus there is a significant potential for
lignocellulosic biomass to be investigated in the AD and sequentially used in biogas
production. Biodegradation of different types of lignocellulosic biomass depends on the
chemical structure, primarily on the cellulose, hemicellulose and lignin content and C/N ratio,

as it has been presented for rice straw, smooth cordgrass, wheat straw, barley straw and corn
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stover [74]. Husks, bran and pastry residues showed a biogas potential of 138.4 + 16.0
m3(CH4)/tFM [75]. Average production of 500 — 600 m® of biogas per t of volatile solids (VS)
could be achieved from the AD of residue grass [76]. Also, methane content of the generated
biogas ranges between 52 % and 56 %, similar to maize silage [77]. Among the promising type
of residue grass in the AD supply chain is the riverbank grass [78]. Fieldwork has shown that
the average yield of green biomass on the riverbank was around 13 t/ha. The average dry matter
(DM) content in the riverbank grass was 37 % which gives the dry mass yield of around 4.8
t/ha. The overall results pointed to the conclusion that the energy recovery of grass biomass
could decrease the dependency of the AD supply chain on the energy crops while obtaining a
positive energy return [79]. Antagonistic and synergistic effects on biogas and methane
production from batch anaerobic co-digestion of cattle and pig slurries with grass silage have
shown that the replacement of cattle slurry with grass silage increased the biogas and methane
yields [80].

Waste from the dairy processing industry has shown high energy potential to serve as a
feedstock for biogas production [81]. Dairy whey produces about 0.86 Nm?® of biogas per kg
VS, dairy sludge yields biogas production of about 0.48 Nm3®kg VS, while fatty sludge
produces about 1.2 Nm? biogas/kg VS. Grease trap sludge has shown synergistic effects in
increasing the methane yield of sewage sludge from 0.18 to 0.35 Nm?®/kg VS [82]. The methane
yield of sludge from wastewater treatment plants was between 20.6 + 5.4 and 69.3 + 22.3
m3(CH.)/tFM [83-86]. It is known that sewage sludge and sludge from industrial processes are
usually poor in VS content, having a long retention time, which gives them low methane
(biogas) potential [82]. Mixed industry biowaste mainly composed of whey, fruit and vegetable
waste, pomace, yeasts, etc., showed a yield of 22.0 + 5.0 m3(CHa)/tFM [87-89]. Since such
material is not rich in TS and VS, the low methane yield was expected [87]. For coffee pulp
and brewery spent grains, the methane yield was 59.2 + 12.4 and 66.4 + 23.3 m3(CHa)/tFM

[90-95]. Fat, oil, and grease waste showed a relatively high range of methane potential, 138.0

+ 43.8 m3(CHa4)/tFM [96-98].

Food waste (FW) [99] and the organic fraction of municipal solid waste [100] have also
attracted attention as sustainable substrates for biogas production. The composition of FW is
significantly affected by seasonal changes, geographical position, cooking procedures and
consumption patterns [101]. Canteen FW and parthenium weed were studied for biogas
production using microwave irradiation and steam pretreatment on a laboratory scale [102],
where by adding pretreated parthenium weed to FW, pH control was improved as compared to
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untreated weed. Canteen FW in co-digestion with rice straw showed an approximately 70%
higher biogas yield compared to mono-digestion of FW [103]. Thermally pretreated canteen
FW and waste activated sludge were studied for biogas production, where the results showed
that 24 h pretreatment using fungal mash resulted in a 6% increase in soluble chemical oxygen
demand (SCOD), and the SCOD removal during biogas production was estimated to be
between 70 and 90% [104]. The co-digestion of pretreated FW and yard waste gave a biogas
yield of 431 NmL/g VS, while untreated FW and yard waste had a biogas yield of 335 NmL/g
VS [105]. Adding sewage sludge and yard waste to cafeteria FW showed synergistic effects in
terms of biogas production compared to mono-digestion of FW [106]. Co-digestion of FW
composed of bread, rice, spaghetti, vegetables, fruits and meat gave a 1.4-fold higher methane
yield compared to sludge mono-digestion. Adding organic FW to sludge increases the organic
content in the mixture and improves the digestibility of the mixture [107]. Anaerobic co-
digestion of restaurant FW and sewage sludge showed that, when adding 10% of sludge to FW,
biogas production is stable [108].

The second product of AD is a digestate — nondegraded solid biomass residues in liquid
phase [19]. Solid fraction is usually rich in macronutrients, nitrogen, phosphorus and
potassium, which makes it applicable as a fertiliser [20]. Solid fraction of digestate contains
also phosphorus and residual organic carbon which makes it also suitable as a soil conditioner,
as a feedstock for compositing [21] or in energy recovery [22]. Of all, the process of pyrolysis
showed several advantages to be integrated with digestate management [109]. Biochar from
pyrolysis of digestate can effectively be used for various applications, and therefore combined
anaerobic digestion — pyrolysis process might be beneficial due to the low economic value of
digestate [23] and thus subsequent pyrolysis of digestate offers an opportunity to improve
profitability of biogas production processes [110]. Among the applications of biochar from
digestate are: it could be used as a sorbent for heavy metal [111] and phosphate removal [112],

for carbon biosequestration, as a soil improver and for biofuel production [113].

Usually, pyrolysis of biomass and waste is widely examined with thermogravimetric
analysis (TGA) together with kinetic studies [114]. Digestates from various biomass and waste
sources have been analysed for better understanding of the pyrolysis, such as from different
organic solid wastes (sewage sludge, food waste, vinasse and cow manure) [115], waste sludge
from a pharmaceutical industry, cattle manure and a mixture of primary sludge and organic
fraction of municipal solid waste [116], cattle manure digested at mesophilic and thermophilic

conditions [117], digestate from anaerobic treatment unit [118], rice straw [119], algae [120]
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and other. The main advantage of using digestate is it low economic value, estimated to only
2-4 €/t [23].

Kinetic analysis and estimation of the kinetic parameters of AD are important in
predicting the behaviour of an anaerobic system and in optimizing biogas production [121].
Results of the kinetic analysis quantify the impact of changing process variables like pH, total
solids, added co-substrate and others on the rate of biogas production and biogas yield [122].
Some of the most common kinetic models for AD of organic biomass are ADM1, Modified
Gompertz, Monod [123], the First-order model and the Cone model [124]. Recent studies on
modelling of the AD using ADM1 have been applied to several substrates: blackwater and
rotten vegetable [125]; grass silage [126]; a mixture of municipal waste and grease [127];
microalgae [128] and many others. Estimated kinetic parameters for AD of FW performed in
a batch mode [124] yielded a value of the first-order kinetic parameter equal to 0.099 d 2, while
the Modified Gompertz kinetic parameter was equal to 0.126 d. Changing the FW
composition and finding its impact on the value of kinetic parameters constituted an attractive
method in studying FW capacity for AD [129]. It was established that using an exponential
model (First-order model) resulted 